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Foreword

The Traffic Detector Handbook is. a product of the Federal Hi; hway -
Administration technology transfer program. It is Intended: % :
use by traffic engineers and technicians having responsiblllty for
the design, installation and maintenance of traffic detectors '

Judicious application of the concepts and procedures set forth in
‘the Handbook should result in improved installations of traffic
detectors and a long-term savings of public funds. L

Other resources to assist with selectlon and-: installatlon and :
maintenance of traffic and vehicle detectors are under
development. They include a Traffic Detector Field Manual and a
videotape training course. Both will be tied to the Handbook and
will focus on practical considerations in installing and
maintaining detectors. :

‘Sufficient copies of this Handbook are Bélng distributed to

provide a minimum of one copy to each FHWA regional office,
division office, and State highway agency Dlrect dlstrlbutlon is

being made to the division offices;, (/]A

_/ Director, Office of Implementatlon

Notice :

This document .is disseminated under the spensorship of the
Department of Transportation in the interest of information
exchange. This Handbook does not constitute a standard
specification or regulation. : :

. The United States Government does not endorse products or
manufacturers Trade and manufacturers’ names appear herein only
e om e e —mem o PO | JR NP . | - I, TRr ST B

P " E. .4
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I. INTRODUCTION

A vehicle detection system, defined by the National
Electrical Manufacturers Association (NEMA) Stan-
dards as “... a system for indicating the presence or
passage of vehicles,” provides input for traffic-actu-

atad gional control traffe.rasnoncive syetem econ-
ated signal conurg., IrailiC-respolisive Sysiem ¢on

trol, freeway surveillance, and data collection sys-
tems. Assuch, the application, design, installation,
and maintenance of detectors becomes increasingly
important as traffic control and surveillance sys-
tems continue to proliferate and become more so-
phisticated.

Millions of research dollars have been, and are
being, applied to controlling traffic and alleviating
congestion and delay on the Nation's existing streets
and freeways. The success of these control systems
depends fo a large extent on the proper design,
installation, and maintenance of the detector com-

nanont af the averall syetam DNanearmantly 1t ig
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incumbent on the jurisdictions or agencies imple-
menting or operating these systems to assure that
appropriate attention is directed toward this rela-
tively straightforward but critical system element.

This handbook is a revised, updated version of the
Federal Highway Administration’s (FHWA) Traffic
Detector Handbook, originally published as Implem-
entation Package FHWA-IP-85-1. This upgraded
version of the Handbook supersedes the previous
edition. However, the valuable materials and basic
scope of the original document have been retained.
It has been restructured and revised to update

diconigaainma afenneantes and aminmant +a raflant tha
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current state of the art, particularly as it relates to
the microprocessor revolation, advances in control
technology, and real-world application experience,

SCOPE AND OBJECTIVES OF THE
HANDBOOK

The overall objective of this Handbook is to provide
a single resource and basic reference to aid the
practicing engineer and technician in planning,

designing, instailing, and maintaining detectors.
Specifically, the Handbock is intended to:

* Provide a compendium of existing
detector technology.

¢ Facilitate the understanding of the
basic elements of detector systems.

* Aidintheunderstanding and applica-
tion of new technology.

¢ Identify the best current practices.

* Serve as a training aid for traffic engi-
neers, traffic technicians, and field
personnel.

EVOLUTION OF DETECTOR
TECHNOLOGY

4L TNt ol o e s 21 P PR . Ly RS P
111 e 1740 8 WIlel Ifiatiis ll_y 'UPBI d. Led Ll dali ::1511:1.1::

were being replaced by automatie, pretimed traffic
control devices, engineers soon pointed to the need
for some means of collecting the traffic data previ-
ously obtained visually by the police officer on duty.
Among those concerned was Charles Adler, Jr. of
Baltimore, a railway signal engineer. He developed
a detector that was activated when a driver sounded
his car horn at a specified location. This device
consisted of a mierophene mounted in a small box on
anearby utility pole. Adler’s device, firstinstalled in
1928 at a Baltimore intersection, constituted the
first semi-actuated signalinstallation to assign right
of way by means of a vehicle detector.

At nearly the same time, Henry A. Haugh, an elec-
trical engineer, developed a pressure-sensitive pave-
ment detector using two metal plates acting as
electrical contacts brought together by the wheel
pressure of passing vehicles. This pressure-sensi-
tive, treadle type, in-road detector proved more
popular than the horn-activated detector. In fact,
this detector enjoyed widespread use for over 30
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years as the primary means of detecting vehicles at
actuated signals.

Concomitantly, Adler continued his work with sound
detectors and in 1931 introduced another sound
detector which employed hollow steel boxes embed-
dedin theintersection approach. These boxes picked
up the sound of passing wheels and transmitted this
to microphones.

Mechanical problems with the contact-plate detec-
tor led to the introduction of the electro-pneumatic
detector. Although this device found some applica-
tion, it was costly to install, it was only capable of
passage (motion) detection, and its (axle) counting
accuracy was limited by the generation of air pres-
sure waves and capsule contact bounce.

In retrospect, it seems unfortunate that the treadle
detector, which utilized the most ocbvious and most
easily detected property of vehicles-their mass
{weight)—could not be economically improved far-
ther. Snow plows tended to lift the plate from the
roadway resulting in costly repairs. There was also
the expense of reinstalling the detector after road-
way resurfacing. These problems led to the search
for detectors based on more subtle properties such
as:

*  Sound (acoustic detectors).
*  Opacity (optical detectors).

¢+ (Geomagnetism (magnetic detectors,
magnetometers).

¢ Reflection of radiation (infrared, ul-
trasonic, radar, and microwave detec-
tors).

* Electromagmnetic induction (loop de-
tectors).

¢ Vibration (tribo-electric, seismic, and
inertia-switch detectors).

Not all of these concepts have been commercially
exploited. Today, the inductive loop detector is, by
far, the most widely used detector in modern traffic
control systems. The magnetometer and the mag-
netic detector are also produced commercially and

are used for various applications. The optical detec-
tor has found use for the detection of priority ve-
hicles and research is on-going for infrared, ultra-
sonic, and radar detectors.

Also under development are wide-area detection
systems (WADS). One promising system uses video
imaging techniques and is known as VIDS.

Itis reasonable to assume that as operational needs
proliferate, and technical advances keep pace, de-
tector technology will continue to be a dynamic and
expanding field.

INTRODUCTION TO MODERN
DETECTORS

The following discussion provides a broad overview
ofthe basic types of detectorsinuse today. Whilethe
emphasis in this summary overview is directed
toward typical use of detectors for traffic signal
control, subsequent chapters cover other applica-
tions (i.e., freeway ramp metering, freeway main-
line control, etc.) as well as emerging concepts,
practices, and products.

The three main types of vehicle detectors used in
current practice are inductive loop detectors, mag-
netic detectors, and magnetometers. Each of these
detector systems consists of sensors in or below the
roadway, a lead-in cable connecting the sensor at a
pull box to the controller cabinet, and an electronic
unit housed in the controller cabinet (Figure 1).

By far the most popular method of vehicle detection
is the inductive loop detector system. As shown in

i Lead-I
R;adway L"j;d In g;g g:bl: Electronic
ensor ire S » Unitin
j Controller
Cabinet
Splice wone

Figure 1. Vehicle detector system.
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Figure 2, the total system consists of three parts: a
detector oseillator, alead-in cable, and aloop embed-
ded in the pavement consisting of one or more turns
of wire. The detector escillator (amplifier) transmits
its own energy (electrical field) and operates on the
principle that a vehicle resting in, or passing over,
the loop will unbalance a tuned circuit resulting in
adetection. The size, shape, and configuration ofthe
loop varies considerably depending upon the specific
application, ranging from the most common size 6- x
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x40-to 70-ft(1.8-x12-t0 21-m). Because ofthe flexi-
bility ofits design, the loop detector provides for the
broadest range of vehicle detection.

Loop detector systems are con istructed
cal characteristics that match an osc1llator/amp11-
fier. The oscillator serves as a source of energy for
the loop. When a vehicle passes over the loop or is
stopped within the loop area, it reduces the loop
inductance, causing an increase in the oscillator
frequency. The change in inductance or frequency
activates a relay or circuit which sends an electrical
output to the controller signifying that it has de-
tected the presence of a vehicle,

The loop itself is constructed by cutting a slot in the
pavement and placing one or more turns of wire in
the slot. The wire is then covered with sealant. An

Controller
24 ft .
Cabinet
oflan, en 3nlat, 6r |3t ,_[:‘-\ )
5 e e o Sy { ‘L ead-in
| % a ‘TI Conduit
Tl wi
Sl X @ Pull Box
Loop saw-cutplan 5
g P P =| Conduitto curb
- e
3] =5
o] (&)
m I

Figure 2. Loop detector system.

alternate, more durable construction is to place the
turns of wire in a plastic conduit just below the
pavement surface. Another alternative is to encase
the wire in a plastic sleeve before installing in the
saw-cut slot in the pavement. A wide variety of loop
sizes and shapes may be used to meet specific needs
{see Chapter 4). The 6- x 6- ft (1.8- x 1.8- m) square
loop is the most commonly used loop for actuated
traffic signal control.
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in shape (no larger than 2.25 in (57 mm) in diameter
or more than 21in (83 em) in length) and are placed
below the roadway. They detect vehicles based upon
a change in the lineg of flux from the Earth’s mag-
netic field. These detectors provide only passage
data and not occupancy or presence data. Accord-
ingly, their use is limited to special circumstances
and is being phased out of general use.

Figure 3. Magnetic detector probe.

Magnetometer probes (Figure 4) are small cylinders
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4.251n (11 cm) in length) embedded vertically in the
surface of the roadway. The presence of a vehicle is
detected by measuring the focusing effect of the
Earth’s magnetic field that occurs when the vehicle
is near the detector. These detectors are particu-
larly effective for use on bridge structures and with
chronically poor pavement surfaces. Magnetome-
ters can be used instead of or in combination with
loop detectors.

Another device similar to the magnetometer is the
microloop. It is a small, passive, ¢cylindrical probe
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Figure 4. Magnetometer probe.

(0.88 in (2.2 cm) in diameter and 3.63 in (9.2 ¢m)
long)buried beneath the roadway surface. A sample
probeis shown in Figure 5. It transforms changes in
the Earth’s magnetic field intensity into changes in
inductance. As a vehicle passes the microloop, the
change in inductance is sensed by a conventional

loop detector electronic unit.

Figure 5. Microloop probe.

Other detector types that have been used in the past

ara otill 1tilizad in enacial situations. Radar detec-
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tors were quite popular in the fifties and sixties, with
many installations still in existance. Aradar instal-
lation is shown in Figure 6. The sonic detector also
had a period of popularity. It used the same prin-
ciples as radar, but in the sonic freequency range
rather than in the radio frequencies. A typical
sensor head (shown in Figure 7) was mounted either
overhead or in a sidefire position. Both of these

types of detectors are bein

technology (see Chapter 7).

The Handbook will concentrate on inductive loops,
magnetometers, and magnetic detectors. The main
emphasis is on detection for traffic signal installa-
tions. There is, however, a growing need for aceu-
rate, dependable detectors for traffic surveillance
and control,

In recognition of the importance of accurate detec-
tion in these applications, manufacterers have de-
veloped new models that take advantage of ad-
vanced technology. Others concentrate on develop-

anmd ot adalaoes
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Figure 7. Sonic detector sensor unit.
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DEFINITION OF TERMS

One of the major difficulties in explaining detector
application and design theories is the abundance
(and redundancy) of terms used in current litera-
ture. That is, a number of terms meaning the same
thing may be used interchangeably and indiserimi-
nately among various reference sources and even
within a single document. This ¢an create confusion
for even the most experienced traffic engineer.

To avoid any potential confusion, the basic terminol-
ogy used in this Handbook is defined below. Terms
meaning the same (or nearly the same) thing are
appended for easy reference. To the extent possible,
the term shown in bold type was used consistently
throughout the text. A more complete listing of
terminology is incorporated in the Glossary at the
end of the Handbook.

Detector: A device for indicating the presence or
passage of vehicles. This general termisusunally
supplemented with a modifier indicating type
(e.g., loop detector, magnetic detector, etc.);
operation (e.g., point detector, presence detec-
tor, etc.); or function {e.g., calling detector, ex-
tension detector, etc.).

Detector Amplifier: A device that is capable of
intensifying the electrical energy produced by a
sensor. An example is a magnetic detector
amplifier. A loop detector unit is commonly
called an amplifier, although its electronie func-
tion actually is different.

Detector Unit: The portion of a detector system
other than the sensor and lead-in cable, consist-
ing of an electronic assembly.

Large Area Detector: (Area Detector) A detector
or series of detectors wired together in series or
series/parallel covering an area in the approach
to an intersection. Detection area varies from 6
x40ft (1.8 x 12 m) to 6 x 100ft (1.8 x 30 m) or
larger. One of the more common configurations
is four 6- x 6- ft (1.8- x 1.8- m) loops spaced 9 or
101t (2.75 or 3 m) apart for a length of 51 or 54
ft (15.5 or 16.5 m).

! ~ Small Area Detector: (Point Detector) A detector

that measures the passage of vehicles past a

point (i.e., 2 small area usually not exceeding 6
x6ft (1.8 x 1.8 m)).

Loop Detector Unit: An electronic device which is
capable of energizing the sensor loop(s), of
monitoring the sensor loop(s) inductance, and of
responding to a predetermined decrease in in-
ductance with an output which indicates the
passage or presence of vehicles in the zone of
detection. It is the electronics package, exclu-
sive of the loop(s) and lead-in cable.

Loop Detector: A detector that senses a changein
inductance of its inductive loop sensor caused by
the passage or presence of a vehicle near the
§ENS0T.

MagneticDetector: Adetectorthatsenseschanges
in the Earth’s magnetic field that are caused by
the movement of a vehicle near its sensor. Itis
a vehicle detector placed under the roadway
which makes use of both the Earth’s magnetic
field and the energy change created by the pas-
sage of a vehicle over the detector to produce an
output.

Magnetometer Detector: A detector that mea-
sures the difference in the level of the earth’s
magnetic forces caused by the passage or pres-
ence of a vehicle near its sensor. It is a device
capable of being activated by the magnetic dis-
turbance caused by the passage or presence of a
vehicle. A magnetic flux generator/sensor is
installed in the roadway and connected to sensor
amplifier electronics.

Passage Detector: (Motion Detector, Dynamic
Detector, Movement Detector) A vehicle detec-
tor that has the ability to detect the passage ofa
vehicle moving through the detection zone and
toignorethe presence of avehicle stopped within
the detection zone.

Presence Detector: A traffic detector whichis able
to detect the presence of a vehicle and hold the
call for a specified minimum period of time that
the vehicle is within its field of detection.

Lead-In Wire: (Loop Lead-In) That portion of the
loop wire between the physical edge of the loop
and the pull box; for a magnetic detector and
magnetometer it is the wire which runs from the
sensor (probe) to the pull box.
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Lead-In Cable: (Feeder Cable, Home-Run Cable,
Transmission Line) The electrical cable which
serves to connect the lead-in wire to the input of
the loop detector unit.

Pull Box: (Hand Hole, Junction Box, Junction Well,
Splice Box) A container usually at least 1 cubic
L (0.028 cubic m) in size that is placed under-
ground with a removable cover flush with the
ground surface. Splices between lead-in cable
and loop lead-in wire are located here.

Crosstalk: The adverse interaction of any channel
of a detector unit with any other detector chan-
nel in that unit or another unit. Itisthe mutual
coupling of magnetic fields that produces an
interaction between two or more detector units
in the same cabinet when the units are operat-
ing at similar frequencies. Crosstalk results in

“a detector outputting an actuation in the ab-
sence of a vehicle.

Splashover: An unwanted actuation caused by a
vehicle in a lane adjacent to that in which the
detector is located.

Zone of Detection: (Area of Detection, Effective
Loop Area, Field of Influence, Sensing Zone)
That area of the roadway within which a vehicle
is to be detected by a vehicle detector system.

ORGANIZATION OF HANDBOOK

This Handbook has been structured to parallel the
progression of decisions, activities, and functions
related to the design, installation, and maintenance
of detector systems. This introductory chapter dis-
cussed the evolution of detector technology, the
basic types of detectors in use today, the emerging
types of detectors under development, and the spe-
cial terminology as it applies to this Handbook.,

Chapter 2 provides the technical information basic
to the theory of operation for the various types of
detectors. It is specifically addressed to traffic or
electric engineers with responsibility for selecting or
specifying the proper detector design to meet spe-
cific operational requirements. It also covers the
roles of the NEMA Standards and the Type 170
Specification.

Chapter 3 provides an overview of detection applica-
tions used in traffic control and identifies the wide
range of choices involving operational features of the
detector component of traffic control.

Design considerations in terms of detector configu-
ration and placement for the various applications
are discussed in Chapter 4. It should be of particu-
lar interest to traffic engineers involved in develop-
ing plans and specifications for local intersections,
traffic signal systems, and freeway surveillance and
control systems.

Chapter 5 stresses the importance of proper instal-
lation procedures and describes the best current
practices. This chapter is primarily addressed to
project engineers, contractors, inspectors, field crew
supervisors, and traffic technicians.

Chapter 6 covers the broad spectrum of detector
maintenance activities. It will provide general in-
formation of value to management and supervising
engineers as well as detailed guidelines for mainte-
nance supervisors and technicians.

Finally, Chapter 7 provides an overview of new
technology currently under development in terms of
new concepts, hardware, and applications. It also
includes a review of relatively new products and
applicationsthat have recently been introduced into
general usage. The Glossary and List of References
follow the appendixes which include supplemental
technical information that may be of use by those
who are interested in more detail.




2. DETECTOR TECHNOLOGY

This chapter provides technical information basic to
the “how” and “why” detectors work, including the
theory of operation, the characteristics of the road-
way sensing element, and the functional character-
istics of the various electronic units for inductive
loop detectors, magnetic detectors, and magnetome-
ter detectors. The information summarized in this
chapter is intended to provide the practicing traffic
engineer or electrical engineer with the background
needed to select the proper detector design to meet
specific operational requirements.

INDUCTIVE LOOP DETECTORS

Since its introduction in the early 1960’s, the induc-
. tive loop detector has become the most popular form
~ of detection system. The principle components of an
inductive loop detector system include one or more
turns of insulated loop wire wound in a shallow slot

sawed in the pavement, a lead-in cable from the
curbside null box to the intersection controller cabi-
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net, and a detector electronics unit housed in the
intersection controller cabinet. Figure 8 provides a
simple schematic of an inductive locop detector sys-
tem model.

Simply stated, the detector electronics unit drives
energy through theloop system at frequencies in the
normal range of 10 kHz to 200 kHz. The loop system
forms atuned electrical cireuit of which the loop wire
isthe inductive element. When a vehicle passes over
the loop or is stopped within the loop, it decreases
the inductance of the loop. This decrease in indue-
tance then actuates the detector electronics output
relay or solid state circuit which, in turn, sends an
impulse to the controller unit signifying that it has
detected the passage or presence of a vehicle.

This section describes in more detail the loop system
fhpnrv ]nnn characteristics, and the basies of 1l

detecbor electromc unit,

"'D

BASIC PRINCIPLES AND THEORY OF

ARTRE VTR A FEVESRRTOL
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The basic principles of the inductive loop detector
system discussed below are common to all of the
inductive loop system designs described later in
Chapter 4. In all systems, the loop wire and lead-in
cable possess a combination of resistance, indue-
tance, and capacitance (both inter-wire and wire-to-
earth capacitance).

ENVIRONMENT
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Figure 8. Inductive loop detector system model.
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Loop System Resistance

Inductive loops, lead-in wires, and lead-in cables
typically use #12, #14, or #16 AWG wire with the low
frequency or direct current resistance in units of

n']'\'rnc
ALAAARY.

This wire resistance is inversely proportional to the
square of the wire diameter and increases as the
wire diameter decreases. A Volt Ohm Meter (VOM)
measures direct current resistance. The wire resis-
tance to alternating current increases as the fre-
quenecy increases because the conducting area of the
wire decreases due to the non-uniform flux inside
the wire. This high frequency resistance cannot be
measured with a VOM, but can be obtained from a
measurement of quality factor to be defined later.

The loop in the roadway also contains an induced

resistance (called the ground resistance) due fo

transformer action between the loop and induced
current flowing in the roadway and subgrade mate-
rials. Appendix A provides a detailed derivation of
ground resistance. Table 1 provides DC/low fre-
quency resistance vaiues for various commerciaily
available loop wire and lead-in cables.

Table 1. Loop system wire DC resistance.

Type Function Gauge DC
Manufacturer's L=Lloop # AV%G Resistance

Model # Ll = Lead- In Chms/ft

9438 L 14 0.0025

8718 LI 12 0.0019

8720 LI 14 0.0029

8719 LI 16 0.0045

Loop Inductance

All conductors or wires carrying an electrical cur-
rent produce magnetic flux which links with (i.e.,
anmrolac) tha srirrant Tha affant of thig flav i the
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electrical property called inductance, measured in
Henrys (h). The inductance of the wire is called self-
inductance. If the flux from current flowing in the
wire couples to other wireg, the resultinginductance
is called mutual inductance. Figure 9illustrates the
flux around a single turn loop. Notice that the plane
containing the flux is normal to the current in the
wire and the flux has a direction determined by the

“right hand rule.” Place the right hand under the
wire with fingers in the direction of the flux. The
thumb points in the direction of current flow. All
flux is in the same direction inside the loop.

Ficure 10 illugtrates the magn flux lines for a
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solencid or coil whose length is greater than the
diameter. The magnetic flux is uniform inside the
coil except near the ends. The magnetic field for this
coil geometry is given by

NI

H =— 1
7 (1

where

H = Magnetic field, Ampere turns

per m

N =  Number of turns

I =  Coil current, Amperes

/ = Length of coil, m

Because the magnetic flux is uniform inside the eoil,
the flux is given by:

¢ = BA (2
where: -
¢ =  Magnetic flux, Webers
B =  Magnetic flux density, Webers
per m?
A =  Cross sectional area of coil, m?

>
VAN AY,

™ Current Flow

",
e’

Figure 9. Magnetic flux around loop.
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Figure 10. Magnetic flux for solenoid (coil).

The magnetic flux density is related to the magnetic
field by:

B = puH (3)
where:
ur =  Relative permeability of
material (1 for air)
o = 4nx 107 hperm

The inductance of a coil is defined as:
N o NBA

L = T =1 (4
where

L = Inductance, h

N = Numberofturns

I = Coil current, Amps

Theinductance of a coil, with a length much greater
than the coil area to ensure uniform magnetic flux
inside the coil, is given by:

Nprpo HA  prpyNZA

L =

This simple equation shows that coil inductance is
proportional to the turns squared and the coil area,
and inversely proportional to coil length., Although
the inductance formula as written is not directly
applicable to a roadway inductive loop, the formula
can be modified b Uy a factor F, to account for non-

uniform flux in the inductive loop.

N2AF
L iR, (6)

[4

This inductance formula is applied to an example
loop inductance calculation in Appendix B. Note
+1\a+/1e (-o]]or] +Tr\e“]nr\n+]r\ afthao avivrea alnnt ? Mk
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relative Hr termin the formula shows that iron with
arelative |y greater than one will increase the loop
inductance. Although the greatest increase in in-
ductance would occur when an iron core passes
directly through the loop, the iron mass of a vehicle
engine, transmission, or differential will slightly
increase the loop inductance. This condition is
called the “ferromagnetic effect.”

Ferromagnetic Effect

Because of the phenomenon known as the ferro-
magnetic effect, itisincorrect to assumethatitisthe
mass of the vehicle that is causing the actuation.
Actually, the heavy, ferrous engine in the loop in-
creases theinductance. Theinsertion ofanironcore
into the field of any inductor acts to reduce the
reluctance of the flux path and, therefore, increase
the net inductance. The peripheral metal of the
vehicle has an opposite effect due to the eddy cur-
rents. The decrease in inductance from the eddy
currents more than offsets the increase from the
ferrous mass, and the net effect is an overall reduc-
tion.

LOOP CHARACTERISTICS

One of the advantages of the inductive loop detector
is the wide range of permissible geometries avail-
able to the design engineer. These design options
arediscussedindetail in Chapter4. The size andthe
number of turns of a loop or combination of loops,

together with the length of the lead-in cable, must
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produce an inductance within a range that is com-
patible with the design of the detector unit and with
the goals of the design engineer. NEMA (See Appen-
dix J) specifies that a detector unit must be capable
of operating satisfactorily over a range of 50 to 700
},L[l Some units can accept much uiguer inductances;
for example, from several loops wired in series.
While the higher inductances are technically fea-
sible, NEMA has specified a conservative upper

limit to promote conservative practices.

Loop Capacitance

Figure 11 shows that capacitance coupling exists
between the loop turns and loop slot. The major
component of capacitance is due to the capacitance
between the loop conductors and slot side wall. The
capacitance is directly proportiona] to the dielectric
constant of the slot sealing material.
presents a schematic diagram of the loop installed in
the roadway pavement. The inductance seen at the
loop terminals is modified by the capacitance and
results in an inductance which increases with in-
creased operating frequency as shown in Figure 13.
If the slot sealing material is hygroscopic (i.e., read-
ily absorbs and retains water) or incomplete (does
not fill the slot or encapsulate the wires), allowing
water to enter the slot and penetrate between the

loop conductors, the capacitance will change greatly
because of the high dielectric constant of water.

TR wvn

19
rFigure Lo

Too many loop turns on large area loops willincrease
the 100p Capacn:ance and lower the self-resonant
frequency of the loop (i.e., no loop inductance is
measured at the loop terminals when the loop is self

resonant). The capacitance change (due to water)

S

Figure 11. Loop wire capacitance coupling.
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Figure 12. Roadway loop circuit.

will cause an inductance change, resulting in un-
stable loop detector operation. At frequencies of 1
kHz the capacitance isinsignificant. At frequencies
of 10 kHz or greater, the capacitance is important.
When loop inductance is measured at 20 kHz or
greater, the measurement frequency must be speci-
fied since the measured inductance is frequency

dependent.
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Figure 13. Inductance of loop vs measuring frequency.
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Loop Quality Factor, Q

The factor that measures the resonant efficiency of
a circuit is the “Q” or quality factor. Itis a dimen-
sionless index. If the losses of the inductor are too
great, the Q will be low. A perfect inductor has no
losses; that is, there is no dissipation of energy
within the inductor and the Q is infinite.

All of the energy losses in an inductor may be
represented by a resistor in series with the inductor.
The ratio of the inductive reactance to the resistive
losses may be expressed as Q. Since inductive
reactance is a frequency-dependent measure, the
frequency must be specified for a series circuit when
considering the performance of an inductor. The
formula for Q is:

2n fLg wlLg
Q= = 7
Rg Rg
where:
Q =  Quality factor
s = 3.14159 {(a constant)
=  Series inductance frequency,
Hz
Lg = Seriesinductance, h
Rg = Resistance, ohms
w = 2=f

The formula for the resonant frequency ( wy in
radians) of the circuit in Figure 12 is:

i
wo = - 1 (8)
‘\/LSCP (1+ X3 )
Since:
R
we = Q%S-—S ©)

The formula for the quality factor, Qg, of the
resonant circuit is:

[ 1 Lg
Qo‘ RS2 CP -1

(10)

In an inductive loop detector system, the circuit in
Figure 12 will have some load resistance, R, shunted
across the capacitor, C,, which will reduce the value

of Q.

The quality factor, Q p, of the parallel circuit is:

QP = wo CP RL (11)

Since:

Where R’ p is the transformed series resistance
in parallel with R | .

The loaded quality factor, Q, of the circuit in
Figure 12 with a load resistance, R L» shunted
across the capacitor, Cy, is:

Qp Qo

Qp +Qq

The resonant loop quality factor, Q 4 , is reduced
by the shunt load resistance, R;. A sample
calculation of loop system quality factor, Q, is
shown in Figure 14,

qQ = (13)

Inthe case ofloop detectors, it is recommended that
the Q be greater than 5. Moisture in the pavement
and subgrade can increase the loop ground resis-
tance to the point that the Q of the loop system falls
below 5, thereby reducing the sensitivity of most
detector units. Loop capacitance will also reduce Q.
The oscillators in most detectors will not operate
with low Q.

The Q formula is intended for straight-forward
applications in which losses are low, Q is high, and
f, L, and R can be readily measured. Detector loops,
on the other hand, are not so clear-cut, as the
inductance is distributed over the loop and lead-in
cable and is hard to measure. The Q factor is further
complicated by the fact that the resistance of the
loop wire and lead-in cable is larger than the series
value measured with an ochm-meter. The extra
losses are due to high frequency operation and
ground currents in the pavement associated with
the circuit configuration and the roadway environ-
ment near the wire. The Q will vary from location to
location.
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LOOP SYSTEM QUALITY FACTOR, Q, CALCULATION
Assumptions:

Loop Type: 3-turn, 6 x 6 ft (1.8 x 1.8 m) of #14 AWG wire

Loop Inductance: 74 ph at 20 kHz from Appendix G

Loop Resistance (in air): 0.0025 Q/ft (.0083 Q/m) from Appendix D
Lead-In Cable Type: 100 ft (30 m) of Belden 8718

T o A ~ - o
Lead-In Cable Inductance: 0.20 ph/ft (0.67 ph/m) from Appendix D

Lead-In Cable Resistance: 0.0031 /ft (0.0103 Q/m) from Append1x D
Operating Frequency: 20 kHz

Total Loop System Series Inductance: 74 ph + 20 ph =94 ph
Total Loop System Series Resistance: 0.25 Q + 0.62 Q = 0.87 £
Note: Wire length for resistance calculation is per wire (i.e., twice

the cable length).
Total Loop System Capacitance
C 1 _ 1
P T gt Lg | (2mx20% 1032 (94 = 1079)
Cp = 6.74* 1077 Farad
Quality Factor of Loop System:
'\/ﬁ1 By ik 1
W=\RZ G ~! "N ©enT®Ha10
Qp = 13.54

This value is the unloaded loop system quality factor with 100 ft (30 m) of Belden
8718 #12 AWG lead-in cable. Assume that the detector electronics adds a shunt
parallel resistance of 1,000 chms.

Qo
Qo

wo CpRp = (2m+* 20 = 109 (6.74 * 1077 (1,000)

34.70

The total loaded loop system quality factor is:

_ Qp Qy _ _(84.70)(13.54)
Q=] +Q, ~ 8470 + 1354
Q = 11.67

Figura 14. Loop system quality factor sample caiculation.

12
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Tables 2 through 4 present calculated quality fac-
tors. Loops operate at 20 kHz in these tables, with
conductor and/or quadrupole lateral spacing of 200
mils. All inductance and quality factors are appar-
entvalues(i.e.,loop capacitance and resistance is in-

LAk,

Loop Lead-In Wire

The lead-in wire from the roadway loop to the pull
box at the roadside is formed by twisting the “start”

and “finish” wires of the loop. Most manufacturers
recommend at least five turns per foot (16.5 turns
per meter).

The wire twists form small 1oops along the twisted
wire which alternate in winding direction. An exter-
nal magnetic field from a noise or crosstalk source
induces voltages in the small loops which almost
cancel, thus reducing interference. The importance
of these twists in the lead-in wire is stressed in
Chapters 4 and 5. Typical loop-to-pull box lead-in
wire characteristics are presented in Table 5.

Table 2. Rectangular loop parameters.*

1 Turn 2 Turn 3 Turn 4 Turn 5 Turn
Wire Induc- Quality Induc- Quality Induc- Quality Indue- Quality induc- Quality
Gauge tance Factor tance Factor tance Factor tance Factor tance Factor
(AWG) {uh) Q) (wh) Q) {ieh) [(®) (uh) {Q) {uh} ()]
12 10 20 35 30 73 37 123 43 184 47
14 11 16 36 24 74 30 125 35 186 40
14 63 12 89 14 128 18 180 21 243 25
16 11 12 37 18 75 23 126 28 188 31
18 11 8 37 13 77 17 127 20 189 23
* 6x6foot (1.8 x 1.8 m)loop ** With lead-in cable
Table 3. Quadrupole loop parameters.”
1 Turn 2 Turn 3 Turn 4 Turn 5 Turn
Wire Induc- 1 Quality | Induc- | Quality | Indue- | Quality | Induc- | Quality diic- | Quality
Gauge tance Factor tance Factor tance Factor ance Factor tance Factor
(AWG) (uh) Q) (uh) \®)] (uh) Q) (uh) Q) {uh) Q)
12 17 22 60 33 125 40 211 48 315 50
14 18 17 61 27 127 33 213 38 317 43
16 18 13 62 20 129 26 215 30 320 34
18 g 63 14 130 19 217 22 323 25

—~ 18

* 6 x6foot (1.8 x 1.8 m) loop

13
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Table 4. Circular loop parameters.”

1 Turn 2 Turn 3 Turn 4 Turn 5 Turn
Wire Induc- Quality Induc- Quality Induc- | Quality Induc- | Quality Induc- Quality
Gauge tance Factor tance Factor tance Factor tance Factor tance Factor
(AWG) {uh) Q) (ph) Q) {ph) @ [ (@h) Q) {ph) Q)
12 10 20 34 31 71 38 120 44 179 49
14 10 16 35 25 72 32 121 37 181 141
16 10 12 35 19 73 24 122 29 182 32
18 i1 8 36 13 74 17 123 21 184 24

* 7 foot (2.1 m) diameter loop

Table 5. Twisted loop lead-in wires.

Manggfturer Wire _Irnsulation AWkC):‘: [;Ji:ﬂ(;ter N%’Tv?si; of Ind uﬁtafr:ce Capaé:it?tnce Resésta;nce
Type ype numoer Mils per foot Hh/ pF/ A
Cross Linked 14
XHHW Polymer Stranded 130 3-4 0.24 10 0.006
High Density 14
Belden 9438 Polyethylene Stranded 139 55 0.22 10 0.00252

Lead-In Cable

The lead-in cable (home run cable) from the pull box
to the detector terminals in the controller cabinet is
composed of a shielded, twisted pair of wires. The
conducting shield reduces interference from exter-
nal electric fields. Typical lead-in cable characteris-
tics are presented in Table 6.

In Appendix D, measurements of loop system qual-
ity (with 100 ft (30 m) of shielded lead-in cable
connected to aloop) show that little benefit is gained
from usinglarger conductor diametersin the shielded
lead-in cable. In other words, the decrease in quality
factor caused by using #14 AWG shielded lead-in
cable ig not substantially reduced by substituting
#12 cable. The principal loss results from the type of

Table 6. Commercial lead-in cable characteristics.

Man(lj?aki:lfurer Wire Insulation AWG E\;L:Tlla:g? 1ns?ua}gt|%n Inductance | Capacitance | Resistance
Type Type number Mils Type ph 7 ft pF / ft Q/ft
Belden
8718 Polyethylene 12 37 Vinyl 0.2 25 0.0019
8720 Polyethylene 14 32 Vinyl 0.2 24 0.0029
8719 Polyethylene 16 32 Vinyl 0.2 23 0.0045
Clifford
IMSA | Polyethylene 12 30 Polyethylene 0.2 25 0.0016
Specification | Polyethylene 14 30 Polyethylene 0.2 24 0.0025
50-2-1984 | Polyethylene 16 30 Folyethylene 0.2 23 0.0040

14
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shielding rather than the conductor diameter. Table
7 shows how lead-in cable type and length affect the
quality factor.

DETERMINATION OF INDUCTANCE

There are several simplified formulas that provide
“rule of thumb” approximations of the inductance of
a loop. However, more accurate inductances have
been obtained by a mutual coupling method dis-
cussed in Appendix A.

This method provides acceptable accuracy for calcu-
lating the self inductance of multi-turn, rectangu-
lar, quadrupole, and circular loops which have a
large area relative to the conductor spacing. The
method gives results that compare favorably with a
range of measured loop inductances.

Appendix Cpresents the caleulated loopinductances
for various size loops and shapes (rectangular, quad-
rupole, and circular). Inductance and quality factor,
for various turns of wire, are caleulated using the
mutual coupling formula.

Loop SystemInductance Calculations

Inductance of the lead-in cable is added to the loop
inductanceatthe rate of 22 uh per 100t (30 m)of #14
AWG lead-in cable. For example, a - x 6- ft (1.8- x
1.8-m) rectangularloop should have three turns, ac-
cording to Appendix C, and will then have an induc-
tance of 74 ph, If the lead-in is 200 feet (61 m) in
length, the total inductance will be:

200
L=74+'i'®

* 22=74+44 =118 ph (14)
If two or more loops are wired together in series,
their inductances are additive. Thatis, L =1L +
Ly + 2M, where M is the mutual inductance
between the two loops and the sign of M is
positive if flux is increased by the current
flowing in the same direction in the closest
spaced loop wires.

For a large separation the mutual inductance is
negligible, therefore L = L ; + Ly (series
connection). Thus, series connection provides
the maximum loop inductance.

Table 7. Lead-in cable type and length effect on Q.

Loop { Lead-In| Lead-In| Cable | Total | Series | Lead-In| Total Loop | Lead-In| Total Loop Loop
Tutns | Cable | Cable | Wire | Parallel| Loop | Cable | Series | Resist. | Cable | Series System| System
#14 Type | Length | Gauge | Capac. | Induct. | Induct. Induct. Resist. | Resist. Q Loaded
Belden | () | (AWG)| wF) [ @wh) | wh | wh | @ | @ | @ (1,0000)
AWG * L) Q
3 8718 100 12 0.674 74 20 94 0.25 0.62 0.87 14 12
3 8720 100 14 0.670 74 21 95 0.25 0.80 1.05 1 10
3 8719 100 16 0.870 74 21 95 0.25 1.00 1.25 10 9
4 8718 100 12 0.437 125 20 145 0.33 0.62 0.95 19 14
4 8720 100 14 0.434 125 21 148 0.33 0.80 1.13 16 13
4 8719 100 16 0.434 125 21 146 0.33 1.00 1.33 14 11
5 8718 100 12 0.312 1886 20 206 0.42 0.62 1.04 25 15
5 8720 100 14 0.306 186 21 207 0.42 0.80 1.22 21 14
5 8719 100 16 0.308 188 21 207 0.42 1.00 1.42 18 12
5 8718 | 1,000 12 0.172 188 200 388 042 6.20 6.62 7 5
5 8720 | 1,000 14 0.160 186 210 396 0.42 8.00 8.42 6 5
5 8719 | 1,000 16 0.160 186 210 396 0.42 | 10.00 | 10.42 5 4
Loop Sizeis 6 x 6 feet (1.8 x 1.8 m)
Frequency is 20 kHz
* Measured Series resistance of loop 3 feet (0.9 m) above the laboratory fioor
L ** 8719 resistance value estimated

15
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If the loops are wired together in parallel, then the
combined inductance is ealculated from the formula
1/L=1/Ly + 1/Lg(parallel connection). For example,
two 6- x 6- ft (1.8- x 1.8- m) loops of three turns each,
connected in parallel give the following combined
inductance:

1 1 1 2
-'1"‘-=74+74=','7"'T4 (15)
2L = 74 and L = 37 ph

It is seen that parallel connection of loops reduces
the inductance. Care must be exercised to assure
that the inductance does not fall below the lower
limit of 50 uh as is the case in the above example.

In some cases, both series and parallel connections
are desirable. Consider, for example, four 6- x 6- ft
(1.8- x 1.8- m) three-turn loops installed 9 ft (2.7 m)
apart to provide detection in a left-turn lane. Three
types of connection are shown in Figure 15. Connec-
tion in series produces an inductance of 4 x 74 = 206
pth. Parallel connection produces only 18.5 ph (4L =
74, L= 18.5 uh). A series/parallel scheme where the
upper two loops are connected in series as are the
bottom two loops. The two pairs are then wired in
parallel to produce 74 ph.

Required Number of Turns

Allloops should have a sufficient number of turns to
provide anominal minimum of 100 microhenries per
loop. This minimum value ensures stable operation
of the system. A simple rule of thumb that can be
applied to determining the number of turns that will
provide an inductance within the required range.
This rule of thumb states that if the loop perimeter
is under 30 ft (9 m), three turns of wire are indicated.
Ifthe loop perimeter is over 301t (9 m), use two turns
of wire.

Loop Sensitivity

The current flowing through the loop wire creates a
magnetic field around the wire as illustrated in
Figure 9. If a vehicle (or any other electrically
conductive object) enters this magnetic field and the
magnetic field or a component of the magnetic field

is normal to the area of the object, eddy currents will
be induced in the conducting object. The eddy
currents generate a magnetic field which opposes
the magnetic field of the loop causing a decrease in
the total magnetic field around the loop. Since the
loop inductance is proportional to magnetic flux, the
loop inductance decreases.

Series Series/Parallel Parallel
74 ph 74 yh 74 uh
148 ph
74 ph 74 yh 74 yh
296 ith 74 ph 18.5 uh
74 ph 74 ph 74 uh
148 ph
74 ph 74 ph 74 uh

Figure 15. Four smali loops connected in various ways.

A 12- in (30- ¢cm) wire can be formed into a circle
about 4 in (10 em) in diameter. Hold this loop by
hand so that the ends do not quite touch one another,
forming an open circuit, then rapidly thrust this
cirele over the loop in a level position. No actuation
will occur. When the ends of the circle are made to
touch forming a closed circuit before being thrust
over the loop, an actuation will occur because of the
flow of eddy currents. Itis the “shorted turn,” not the
mass, that is important in producing the actuation.

Bicycle Detection
Figure 16illustrates the detection of abicycle. When ~

the bicycle travels along the loop wire, eddy currents
are induced in the conducting wheel rims and frame.

16




Detector Technology - Chapter 2

The eddy currents travel in an opposite direction
from the loop currents, thus the dotted eddy current
magneticfield opposes the loop’s magneticfield. The
inductance of the loop is reduced and detection
results.

The loops magnetic field is normal to the conducting
perimeter of the wheels and frame. If the bicycle
travels normal to the loop wire, the magneticfield of
the loop does not link the wheels and frame so no
eddy currents are induced and the bicycle is not

detected.

The magnitude of induced current, and thus sensi-
tivity, is proportional to the cosine of the angle
between the bicycle’s direction and loop wire. A
diamond loop couples a normal component of the
loop’s magnetic field to the bicycle (cosine 45°) re-
sulting in detection at reduced sensitivity.

Detection with Rectangular or Square Loops

A bicycle can be considered a vertical conducting
target or object relative to the plane of the loop. A
vehicle undercarriage is a horizontal target. The
undercarriage is modeled as a conducting rectangu-
" lar sheet of width and length of the vehicle at some
average undercarriage height.

The continuous sheet is approximated by a conduct-
ing mesh. When the mesh is symmetrically located

over the loop (maximum sensitivity), all induced
internal mesh currents cancel, leaving a single in-
duced current, flowing around the perimeter of the
mesh which is equivalent to a single turn rectangu-
lar wire loop or shorted turn. Figure 17 illustrates
this principle.

Maximum vehicle detection sensitivity results from
a shorted turn with minimum distance from the loop
wires, As a consequence, the ideal loop should have
a shape that approximates the vehicle’s periphery.
That is, 2 6- x 6- ft (1.8- x 1.8- m) square loop would
be preferable to one the size of an engine,

Because of undercarriage height, high bed trucks
are most difficult to detect. The width of the loop
should be the width of the truck if lane width
permits. The length of the loop should not be less
than the width or a loss of sensitivity will result.

Mutual Inductance

Loop self inductance was defined using the loop™s
magnetic flux. When the magnetic flux of a loop
couples to a vehicle, the coupled fluxis used to define
mutual inductance.

Figure 17 shows the magnetic coupling between a
loop and shorted turn, which is equivalent to an air
core transformer. The mutual inductance between
the primary circuit (loop) and secondary cireuit
(shorted turn) is given by:

Np® ®o

My, = I (16)
1
where:

M, = mutual inductance between
circuit one (loop) and circuit
two {shorted turn}, h

Ng = Number of turns (1 for shorted
turn)

Py = magnetic flux normal to
shorted turn area (Webers)

I = current in loop (Amps)

17
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Conducting Plate Conducting Mesh Shorted Turn
_ VNN
/ - too
Np
Mutual Flux 4:,> Moy
- - MM
L1
Air Core
: _ Transformer
Figure 17. Vehicle undercarriage modei.
NORMALIZED LOOP INDUCTANCE where:
(SENSITIVITY)
he 1 S fen i o . g = Coefficient of coupling
'(Ii‘ ; o(;)p s'.en51t1v1ty, S, of an inductive loop is M, = Mutual coupling between loop
elned as: and shorted turn, h
L L Lyy =  Selfinductance of loop, h
g = 100% -2V _ 100+ sL 17 Ly, =  Selfinductance of shorted turn,
L Loy L _ h .
where: Assume the effect of vehicle iron is negligible.
Then gy = 1 and the self inductance of the
L = Inductance with no vehicle roadway loop is: :
Ly = Inductance with vehicle :
N2AF
Ly = -”%——1 | (19)
The sensitivity, S |, for the air core transformer 1 :
of Figure 17 and for a quality factor (Q) greater . .
than 10 is given by: E;e inductance of the shorted turn loop is given
M S L
21 U NLAy Fy ‘
_ - _ L, = 22 V72 20
S, = 100+ K = 100+ fr=ry (18) La ;i | (20)

18
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The mutual inductance between the shorted turn
loop and roadway loop is given by:

N;N;AyF
My, = Ho 1d gy Iy @1
21
where
Ay = area of vehicle undercarriage
d,; = distance between loop and shorted

turn, m
The sensitivity is given by:

Ay 4 4F,

A d,2F, (22)

S, = 100 *

where:

Ay< A

This formula shows that the sensitivity decreases
for loop areas larger than the vehicle undercarriage
area.

The sensitivity decreases asthe square of the vehicle
undercarriage distance from the loop. The sensitiv-
ity is also independent of the number of loop turns;
however, pulling the turns apart slightly increases

sensitivity by increasing  at the expense of a deeper
sawcut slot in the roadway.

Appendix E shows a more complex formula useful
for calculation of S. Figure 18 shows how loop sen-
sitivity varies versus vehicle undercarriage height
for 6- x 2- f£ (1.8- x 0.6- m), 6- x 4- £ (1.8- x 1.2- m),
and 6- x 6-ft (1.8-x 1.8- m) 3-turn loops. Note the low
sensitivity of the 6- x 2- ft (1.8- x 0.6- m) loop.

Figure 19 illustrates how loop sensitivity decreases
when a 200- ft (60- m) lead-in cable is added to the
loops in Figure 18. The 6- x 2- ft (1.8- x 0.6- m) loop
will probably double count a high-bed truck.

Figure 20 shows the decrease in loop sensitivity for
a vehicle centered in 2-turn long loops. A further
decrease in loop sensitivity will result when a lead-
in cable is added.

Loop Sensitivity, percént

=== X6foot{1.8X1.8m)
~—==g X4foot{1.8X1.2m)|
——6X2foot{(1.8X06m

4.00

360 F ~

+ [

3.00 O P
250
2,00}
1.50
100 [N e Mg Ao B

0.50 |- e e Nt g

0.00

10 15 20 25 3.0 35

Vehicle Undercarriage Height, feet

Figure 18. Calculated sensitivity of 3-turn loops.

4.00 : ’ i T T
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300~ e T s e i
= f !
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- g i i } i
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‘"o::-" ‘\ : ; ¢ ;
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B 150 5, t\ i : ! :
[=1 t\ \i~ - ' §
i 1 :
0.50 [ -.,_-' i -
: ""-n..._lJ..::.:. ~i L
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Vehicle Undercarriage Height, feet

Figure 19. Calculated sensitivity of 3-turn loops with 200 ft
(60 m) lead-in cable.
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Figure 20. Calculated sensitivity of 2-turn long loops.

Effect of Reinforcing Steel

Figure 21 shows that a loop over reinforcing steel
mesh has lower sensitivity. The effect of the rein-
forcing steelismodeled as a shorted turn at twice the
mesh spacing from the loop. The effect of the
reinforcing steel is to reduce the magnetic field
around the loop conductors (wire) which causes a
decrease in loop inductance and in sensitivity to
vehicles. Table 8 presents the inductance for a

typical loop with and without reinforcing steel. The

values are expected to be conservative since the
mesh is assumed to be a perfect conductor. Modern
detectors are capable of detecting vehicles even
though the loop wire is laid on the rebars before
concrete is poured.

Loop System Sensitivity

Loop system sensitivity may be defined as the
smallest change of inductance at the detector termi-
nals that will cause the detector to actuate. This
sensitivity must be equal to or greater than the

Figure 21. Calculated sensitivity of 6 x & foot loop over
reinforcing steel.

detector threshold. Many States have specified that

Aboodmns ccantd avnannd masvamd da o 1O narsann

I.vﬂ.t.' UELEeCLUr UllL 1USL ICHPULIU W a V.va ycxucut
change in inductance. NEMA Standards (See Sec-
tion 15.3.2 of Appendix J), recognizing the differ-
ences in detector unit design (AL/L or AL), have
specified the sensitivity threshold for three classifi-
cations of test vehicles when they are centered in a
single 6- x 6-ft (1.8- x 1.8-m), three turn loop with
100 ft (30.5 m) of lead-in cable:

* C(Class1: 0.13 percent (AL/L) or 0.12
ph (AL) inductance change (small

motorcycle).

* Class 2: 0.32 percent (AL/L) or 0.3
uh (AL) inductance change (large
motorcycle).

*  Class3: 3.2percent(AL/Lor3.0uh
(AL) inductance change (auto).

Aninductance in series or parallel with an inductive
loop will reduce the loop system sensitivity at the
detector electronics terminals.

o —
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Table 8. Calculated effect of reinforcing steel on loop

inductance.
Number Loop Inductance, ph
of Reinforeing Steel
Turns None { 1inch | 2inches | 4 inches

1 1 9 10 10
2 35 28 31 33
3 73 58 83 68
4 121 89 103 112
L 179 127 151 166
6 248 167 206 228
7 325 206 266 298

Sensitivity of Two Series Inductors

Figure 22 shows how the loop sensitivity of two
seriesinductors is expressed as an equivalent indue-
tor. The equivalent total series inductance, Lqg, is:

LTS = LA + LB (23)
The equivalent total series sensitivity, S rg, is:
2]
Sors= SL Ly (24)
1+ K
where:
A .
S = Loop sensitivity as vehicle
L enters loop A
Ls

&)=

Lrs
<~

Figure 22. Equivalent total series inductor sensitivity.

Sensitivity of Two Parallel Inductors

Figure 23 shows how the loop sensitivity of two
parallel inductors is expressed as an equivalent
inductor. The equivalent total parallel inductance,
L, is:

il ¥ W Bead

Lﬁ *LB

]-/I‘P = LA + LB (25)

The equivalent total paraliel sensitivity, S rp, is:

A 1
Srp = SL IV—LA‘l (26)
L=
L =B J
—0
Lrp
La — gy
Lg <J'_l>
T

Figure 23. Equivalent total parallel inductor sensitivity.

Single Loop Example

=

What is the loop sensitivity at the pull box
ssuming a hioch-hed vehiele (4-f1 {1 2-m)undercar-

Adapn B AAAESIATAICAL VU ARAVAT UTET AU LS T AL MRS vad

riage) passes over the loop? Figure 24 illustrates
this case and shows lead-in wire lengths. The circuit
diagram is shown in Figure 25. The sensitivity, S,,
for a 4-ft (1.2-m) high undercarriage and a 3-turn, 6-
x 6-ft (1.8- x 1.8-m) loop of #14 AWG wire is 0.1
percent from Figure 18. The twisted loop wires form
an approximately 24-ft (7.3-m) lead-in wire to the
pull box. The inductance per foot for #14 AWG loop
wire with 5 twists per foot is 0.22 ph/ft. The lead-in
inductance, L g, is:

1]

Ls = (0.22 uh/ft) * (24ft)=5.3 ph (27
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Loop Pull Detector
A Box Unit
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Figure 24. Single loop connected to puil box.

The self inductance, L, of a 3-turn, 6-x 6-ft (1.8-x
1.8-m) loop of #14 AWG wire at 20 kHz from Appen-
dix C is 74 ph,
S 0.1%
SP = —""‘L““"‘ = z
14+ Ls . 5.3 ph
L L, ] L 74 ph |
= 0.093% (28)
Pull Detector
Ly Box Ls Unit
0 24
V—o A ©
Ly Lead-In Lead-In
Wire Cable
O O -0

Figure 25. Single loop circuit.

where:

S, = Sensitivity at the pull box, %
2. What is the loop system sensitivity at the
detector terminals with a 200-ft (61-m) Iength of

Type 8720 shielded lead-in cable between the pull
box and detector electronies?

From Table 6, the inductance per foot of type 8720
cable is 0.22 ph/ft. The total series inductance
between the loop and the detector terminals is:

Lg =[(0.22)* (24)] +[(0.22)* (200)] (29)

Ls =53 ph + 44 ph = 493 ph
Then
o] o]
_S—. .
[ 1+LLJ ['1+ 74 ph J
0.080 % (30
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LANE MARKERS
| L/ | |
Loop ,
Loop B L Pult Detector Unit
1 A 1 [} BOX
()
—0
-T o0 O
é{: o
1 1 1
}< 12! ’ll‘ 128 >I< 12 N 200" >
Figure 26. Two loops connectad in series.
where Two Loops in Series Example
S, = Sensitivity at detector L What is the loop system sensitivity at the
electronic unit, % detector terminals when a second identical loop is
) . placed in series with the loop sensing the vehicle?
3. What is the loop system sensitivity at the Figure 26 illustrates this case and shows lead-in

detector terminals with a 200-ft (61-m) length of
'T‘vnn 2790 shielded lead-in ecahle hetween the null

WL DAAUAMDU AVGUTARLL WGAIT AU UITLTAL LWl il

box and detector electronies if a 4-turn, 6- x 6-ft (1.8-
x 1.8-m) of #14 AWG wire is used?

The sensitivity, S,, for a 4-ft (1.2-m) high undercar-
riage and 4-turn, 6- x 6-ft (1.8- x 1.8-m) loop is 0.1
percent. From Appendix C, the loop self inductance
is 125 ph at 20 kHz, The series inductance is the
same as in the previocus case.

Therefore:

sp=| | o] 012
L) e
= 0.072 % (31)

wire lengths, The series connection is made in the
pull box.  Figure 27 shows the circuit. The sensing
loop is a 6- x 6-ft (1.8- x 1.8-m), 3-turn loop of #14

Pull Detector
Lo Ls Ly Box L Unit
MMM
UtO~ VO~ U —0—- Vi—0
Ly
O O

Figure 27. Two.loops in series circuit.
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AWG. The self inductance of the series loop Bis 74
uh. The second (B) loops’ lead-in wire inductance is:

B
L, = (022 ub/ft) * (12 f) = 2.6 b

The total series inductance of loop B and lead-in
wire to pull box is:

B

(32)

L, = 2.6ph + 74uh = 76.6 ph (33)
and;
s B A
L =L + L + Lg (34)
T T T >
= 76.8 + T79.3+ 47.6 = 203.7uh
Then

= 0.066 % (35)

Two Loops Connected in Parallel Example

1. What is the loop system sensitivity at the
detector terminals with two identical loops con-
nected in parallel? Figure 28 illustrates this case
and shows lead-in wire lengths. The eircuit for this
case is illustrated in Figure 29. All parameters are

the same as the previous series example. The
procedure is as follows:
LTS = L]_ + Lg (36)
1
S = 5[] @
=2
|1+5;]
Let:
LA = Ll -+ L2 (38)
LB - L3 + L4 (39)

Then:
L _ LA * LB
TP = LA + LB
(Ly + Ly * (Ly + Ly
= Ll + Lz + L3 + L4 (40)
1
Stp = 8
TP 'rs|'1+li
L B
S 1 @1
T EB L L+ Ly
L™ L+ Ls
and:
Lop+Lg=s2TB 42
Lp = Lop + S=LA+LB+S (42)
(L, + Ly = (L3+L4)_l
LD:[ Ly + Lo+ Ly + Ly d+LS (43)
Therefore:
SD =er thr Ll;L—*
Lo 1 P
[lleJ \‘1+L3+L4_

I 1 '

1 . Lg
\' YL, + Ly * Uy + Ly
L1+L2+L3+L4 ud

Resonant Circuit

Many self-tuning loop detector electronics use the
shift of frequency or peried of an oscillator in the
electroni¢s. The frequency determining the tank
cireuit of the oscillator is typically a parallel reso-
nant circuit comprised of the equivalent loop system
inductance and detector tuning capacitance. The
equivalent loop system inductance includes the ef-
fect of loop system capacitance and has an equiva-
lent quality factor due te system resistance losses. If

the equivalent loop system inductance is too small,
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Figure 28. Two loops connected in parallel.
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Figure 29. Two loops in paralle! circuit.

The tuned tank circuit has a resonant frequency

ealculated as:

fp =
2n'\/LDCD Ll + -“-3

where L, Cp, and Q are respectively the induc-
tance, capacitance, and quality factor of the tank
circuit.

It is clear from this equation that a decrease in the

inductance will increase the resonant frequency and
a rralitv Fantar araater than 'F‘_!P “ﬂ]] ]’\HVP T'IFQ‘]'Imh]P

QA Ucilivy IGVLUL BRI Uautd UALGAAL LS 111ilave 1les

effect.

DETECTOR ELECTRONIC UNIT

The electronic unit which generates the energy and
monitors the loop system has changed significantly
since the 1970’s. Early versions of loop electronic
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units were fixed-frequency units which used a crys-
tal to produce a fixed frequency of oscillation. There
were many problems with the erystal detectors, par-
ticularly when used with long lead-in cables.

Another serious problem was with resonant-fre-
quency drift due to environmental changes in tem-
perature and moisture. These units were phased out
of service in the 1970°s and were initially replaced
with analog phase shift detectors which were ca-
pable of compensating for (or tracking) drift caused
by environmental changes. Today, the commonly
used units include Digital Frequency Shift Detec-
tors, Digital Ratioed Frequency Shift Detectors,
Digital Period Shift Detectors, and Digital Raticed
Period Shift Detectors. The design theory of these
units is described below. Analog Phase Shift Detec-
tors are still in limited use for vehicle classification.

Analog Phase Shift Detector Unit

This unit was developed to meet the demands of the
European market, where bicycles must be detected.
Like the crystal model, it is a phase shift detector,
but uses two oscillators rather than one and the
oscillators are variable rather than crystal con-
trolled. The loop oscillator operates at a frequency
determined by the loop and lead-in wire (in the
range of 25 to 170k Hz). Theloop oscillatoriscoupled
to a second internal oscillator in such a way that the
initial, manual tuning procedure brings the two
oscillators into synchronization in frequency and
phase. ' '

The tuning knob moves a ferrite core back and forth
inside an inductor, causing the oscillator connected
to it to change its frequency (and phase) to match
that of the loop oscillator. Arrival of a vehicle into
the loop decreases loop inductance and the loop
oscillator attempts to pull out of synchronization
with its companion oscillator. It is not able to do so
infrequency because of a cross-coupling resistor, but
a phase shift is developed that is the basis for
detection.

With this design concept, the detector electronic
unit is able to compensate for (or “track™ envi-
ronmental drift. As the temperature within the
controller cabinet changes, the two oscillators drift
identically. The output of the two oscillators are fed

to a phase comparison circuit which develops 2 DC
voltage proportionate to the amount of shift; thus,
the term “analog” detector, because it uses varying
voltages rather than numerical counts.

When there are no vehicles within the detection
zone, the DC voltage is stored and remembered by a
memory capacitor. When a vehicle causes a change
in.the phase comparator output, the difference be-
tween it and the memory capacitor causes relay
operation. Very slow changes in the DC voltage are
followed by the memory capacitor, which allows the
circuit totrack for drift due to environmental changes.
The memory circuit will ultimately forget a vehicle
parked over'the loop and drop that call. Detail on
tracking environmental drift is included later under
“Digital Frequency Shift Detector Unit.”

Overview of Digital Detector Units

With the introduction of electronic digital process-
ing techniques, most detector electronic unit manu-
facturers are currently producing digital type ve-
hicle detectors. Digital techniques allow more reli-
able, accurate, and precise measurements than the
analog techniques.

Understanding how digital detectors operate is
important because increased detector sensitivity
results in increased detector response time. Alarge
detector response time can resultin significant error
in vehicle velocity measurements using two loops in
a speed trap (i.e., a measured distance). Response
times vary with the different manufacturers.

Digital vehicle detectors sense either achange in the
frequency or period of a waveform. The oscillator
frequency or period shift is caused by a decrease in
loop inductance when a vehicle is within the detec-
tion zone. The detector oscillator frequency for a
quality (Q) factor of 5 or greater is:

1

fp =——F— (46)
P 2 T \)LD CD
where:
fp = Detector oscillator waveform

frequency, Hz
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Lp = Totalinductance across
detector terminals, h
Cp = Total capacitance across

detector terminals plus
internal tuning capacitance

The normalized oscillator frequency change duetoa
normalized change in detector inductance for a Q
factor of 5 or greater is given by:

Ay 1 ALy 1
f, - "2 Ip - 2™ @D
where:
Afn, = Change in detector oscillator
frequency, Hz
ALp = Change in detector terminal
inductance, h
Sp = Sensitivity of detector to

induectance change

It appears to be universally accepted that vehicle
proximity to a buried inductive wire loop pre-
dominantly causes a change in the loop inductance
parameter of the LC tank circuit formed by the loop,
lead-in cable, and detector input capacitor. Some
manufacturers use the percent change of loop induc-
tance, AL/L, while others simply use the change of
Joop inductance, AL. Neither of these can be meas-
ured directly at the loop input terminals. However,
to indicate sensitivity, several manufacturers pro-
vide frequency meters to measure the resonant
frequency and the amount of frequency change.

Experience has shown that the percentage change of
inductance (AL/L) from an unoccupied loop to an oe-
"cupied loop is extremely repeatable for a given loop
size and geometry, for a given vehicle size and
geometry, and for a given location of the vehicle with
respect to the loop. Since parameters such as actual
loop inductance and loop operating frequency do not
affect AL/L and do affect AL, the following discus-
sions and computations address the AL/L concept.
The term “detector sensitivity,” in the context of this

discussion, is defined as the value of AL/L which
actuates the detector with the smaller values inter-
preted to mean greater sensitivity.

For short lead-in cables with negligible series cable
inductance:

o .oy 48)
where:
AL = Change in loop inductance
when sensing a vehicle, h
L. = Loopinductance, h
S;. = Sensitivity of loop to vehicle

The period of the detector oscillator (T p) is the
inverse of the frequency. For a Q factor of 5 or
greater, the Tp is given by:

1 T
TD = fD = 2% LD CD (49)
where:
Tp = Detector oscillator waveform

period, sec

The normalized oscillator period change due to a
normalized change in detector inductance for a Q
factor of 5 or greater is approximately:

AT p

(50)

With the advent of sophisticated electronic digital
microprocessors and the availability of loop network
resonant frequency information at the detector in-
put terminals, extremely precise measurements of
the following parameters can be accomplished with
relative ease:

+ Frequency shift measurements (Afp)

e Ratioedfrequency shift measurements
(Af p/fy)
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¢ Period shift measurement (Af p/fp)

* Ratioed period shift measurement
(AT D(T D)

Each of the four types of digital vehicle detectors
units is introduced below. Detailed analyses and
block diagrams of each type are provided in Appen-
dices F through L

Digital Frequency Shift Detector Unit

This type of detector unit is not manufactured. The
theory and characteristics of this detection principal
are included to assist in the understanding of the
operation of the digital raticed frequency shift detec-
tor.

The digital processor of this detector concept com-
pares counts proportional to oscillator frequency
when sensing a vehicle to a reference count taken
periodically when no vehicles are present. The
reference count is stored in a memory. During
vehicle detection, when the count exceeds the refer-
ence count by a preset sensitivity threshold count, a
vehicle call is initiated.

The frequency shift detector sensitivity, (Sg),

from Equation 47 is:

f _ o4
S, = o (51)
Appendix F shows that
2N
sf = RevIpCp = =Lt (52)
v ) = Nre
where:

.N ft = Fixed frequency threshold
count selected by sensitivity
switch

Nfe =  Variable frequency counter
count

Kf = Frequency sensitivity constant

In the above described method, the term S, is pro-
portional to the square root of the LpCp product.
Since larger values of Sp represent decreased sen-
sitivity, it follows that sensitivity decreases propor-
tional to the square root of the LpCp, product with
a A‘fﬂ 1enc
quency switch is changed to a new posmon (e.g. to
avoid crosstalk), the sensitivity would change and, if
critical, would necessitate a new setting of the sen-

sitivity switch.

measurement., Hence, every time the fre-

;;;;;

With increased lead-in cable length, the added in-
ductance of the lead-in cable would cause some loss
of sensitivity and the increased LpCp product would
cause even more loss of sensitivity, Owverall, this
type of measurement does not appear to be very
useful.

For this type of detector unit, the digital processor
compares counts proportional to the oscillator fre-
quency when sensing a vehicle to a reference count
taken periodically when no vehicle is present. The
reference count is stored in a memory. When the
count during vehicle detection exceeds the reference
count by a preset sensitivity threshold count, a
vehicle call is initiated.

The ratioed frequency shift detector differs from the
frequency shift detector because the frequency
counter is held approximately constant (see Appen-
dix ().

The sensitivity, Sf is independent of the induc-
tance, j_,D and the cdpd(,luance bD, across the de-
tector terminals and is calculated as follows:

2 Nyt
Sp == (53)
2 Nyg
where:
Nriy = Fixed frequency threshold
count
N = Fixed frequency counter count
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From Appendix G, the measurement response time

2N
tf = —-f-‘iT (54)
meSD

The advantage of having the detector sensitivity
independent ofthe inductance and capacitance across
the detector terminals is illustrated by the following
example. (This example also applies to the Digital
Ratioed Period Shift Detector Unit discussed later.)

For this example, assume four equal size loops, say,
6x 6 foot (1.8 x 1.8 m) with an equal number of turns,
say three. Wire the loops as follows (these configu-
rations are shown in Figure 15):

o All series (288 ph).

M3

¢ Series/parallel

L

Il iy I N
{72 1inj,

o All parallel (18 ph).

For simplicity, lead-in cablelength isnot considered.
The sensitivity of the ratioed frequency or ratioed
period shift detector is identical for all three of the
above wiring schemes. Accordingly, a sensitivity
threshold sufficient to detect a small motorcycle
over one of the four loops when wired in series need
not be changed when rewired in series/parallel or all
parallel.

Although lead-in cable length was not considered
above, an extra long lead-in cable will produce vary-
ing changes in inductance due to inductance shar-
ing. The amount of change depends on the length of
the lead-in cable and the wiring scheme used for the
multiple loops. Figure 30 provides an indication of
the signal amplitude that may be expected at the
detector input terminals from a small motorcycle
traveling over one of the four loops.

Digital Period Shift Detector Unit

In the digital period shift detector concept, the
“period” of a waveform is the time required for one
full cycle. It is calculated by dividing one by the
frequency in cycles per second (eps). The unit makes
use of a high-speed reference clock with a frequency
in the megahertz range to measure the loop period
precisely in terms of the number of cycles from the

— — Series Connection
------ Serigs/Parallel
Parallel Connection

0.040}.

0.020F. . Noton o b

0.010

Inductance Change at Detector Terminals, percent

.000

0 200 400 600
Lead-In Cable Length, feet

Figure 30. Inductance change as a function of lead-in

rahla
2

cable length.

clock. Thatis, the countis proportional to the period.
Precision is enhanced without sacrificing too much
speed by actually measuring the time for 32 cycles
for sensitivity one, 64 cycles for sensitivity two, etc.

When a vehicle enters the loop, the inductance is
decreased, the loop frequency increases, and the
loop period shortens. Therefore, there is a reduction
in the measured time duration of a fixed number of
loop cycles. A reduction in the measured time
duration by an amount greater than a preselected
threshold value produces an output signal (call) to
indicate the vehicle's presence. With careful choice
of reference clock frequency and the threshold value
{4 counts * 2 counts), this design is practical at any

________ The time to
detect is so short that it is feasible for the electronics
to sequentially scan or operate four small loops, one
at a time, several times a second. (Multichannel
operation is discussed later.)

The period shift detector is entirely self-tuning on
installation and, like most other designs, is able to
track environmental drift. Like the digital fre-
quency shift model, most models stop tracking for a
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time after a vehicle enters the loop, to guarantee
that the call of a small vehicle will be held long
enough to bring the green to that approach.

The period shift detector sensitivity, Sg, from

Equation 50 is:

p _ ,ATp
SD = 2 Tp (55)
Appendix H shows that;:
K 2N
S, =—— =j 2% (56)
VL Cp e
where:
Npt = Fixed frequency threshold
count selected by sensitivity
switch
Npe = Variable frequency counter
count
Kp = Frequency sensitivity constant

Theterm Sr; isinversely proportional to the square
root of the LC product. Because of the small values
of 8P , this represents increased sensitivity. It also
follows that sensitivity increases proportional to the
square root of the LC product with a AT measure-
ment. Hence, with increased lead-in cable length,
part of the loss of sensitivity due to the added lead-
in cable inductance would be automatically compen-
sated by the increase in the LC product. Unfortu-
nately, the compensation is not one to one because of
the square root relationship.

The detector response time (t®) from Appendix H
is:

2N
tP = -——%- &7
£ S,

Most vehicle detectors use a transformer to connect
the external detector loop terminals to the internal
loop oscillator. If the transformeris loosely coupled,
a series leakage or swamping inductance results.

This inductance reduces the effect of lead-in cables
on sensitivity at the expense of overall sensitivity.

If a swamping inductance, L ¢, is used in the
detector electronics, then:

L
=1

2N
t? = p; — = ) (58)
fo 5P [ - fc S}
1+ =
Lp|
For example, let:
Npt = 4
Ly = 150ph
LD = 75 }.lh
fc = 2.22 mHz
P
SD = 0.005%
Then:
{150 uh)
* *
. 2%4 [1 + 75 Th) :l
t = 216 ms (59)

T(2.22*105H2) *(5 * 10 )

The percentage error in vehicle velocity obtained
from a speed trap using two spaced inductive loops is
given by:

S = 10042 60)
where:

A

-Vl =  Error in vehicle velocity, %

AT =  Error in measured time, secs

X =  Spacing between leading edges

of the loops, feet
v =  Vehicle velocity, feet/sec

The maximum time error in vehicle speed or occu-
pancy measurements is assumed to be the detector
response time. The speed trap error caused by
detector response times is illustrated by the follow-
ing example,
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Let:
AT = 2%216ms = 432 ms (0.432 sec)
V = 60mph(96.6 kph) = 88 ft/sec
(26.8 m/sec)
X = 100 feet (30.5 m)
AV (0.432)* (88)
v = 100 * —'—“““—100 = 380% {61)

This example clearly indicates that the loop system
should be designed so that the system sensitivity is
as large as possible. By using the detector electron-
ics on a less sensitive range, the detector time
response is decreased, allowing more accurate ve-
hicle speed detection.

An increase in the detector electronics clock fre-
quency from 2.22 mHz to 22.2 mHz will reduce the
percentage velocity error from 38.0 percent to 3.8
percent. Many of the newer detectors use clock
frequencies in the 20 to 25 mHz range.

Digital Ratioed Period Shift Detector Unit

The digital processor of this type of detector design
compares counts proportional to the oscillator pe-
riod when sensing a vehicle to a reference count
taken periodically when no vehicle is present. The
reference count is stored in a memory. When the
count during detection is less than the reference

count by a preset sensitivity threshold count, a
vehicle call is initiated. The ratioed period shift
detector differs from the period shift detector in
that the threshold count, Npy is not fixed.

The threshold count (see Appendix I) is given by:

Npt = Sy Npc (62)
Thus:
28 Nl’!
Sp = I £ - 2 Sp (63)

D Npe

Since the detector sensitivity is independent of the
period counter count, the detector sensitivity is
independent of detector frequency. The response
time is identical to that of the digital period shift
detector.

Comparison of Digital Detectors

A summary comparison of the various detector elec-
tronic unit concepts in terms of sensitivity and
response time is presented in Table 9.
Multichannel Digital Models

Controller cabinet space can be conserved if the
detector unit can operate more than one loop. Most

Table 9. Comparison of detector sensitivity and response time.

- Detector
Dlglta_]I_ Detector Sensitivity Detector _ Comments
ype (Sp) Response Time
. f ; . Sensitivity is deceased by an increase in induction from
Frequency Shift Sp=KVLpCy |1t =frametime the larger loop or longer lead-in cable. Response time is
fixed by detector frame time.
2 N T s . N
. 2N £ ft Sensitivity is independent of inductive value at detector
Ratioed Frequency S{) il = f terminals. Response time increases for increase in
Shift Nr . mfpSp inductance at detector terminals and detector
sensitivity.
K Lty | Sensitivity is increased by increase in inductive loop
_ _ sP o ——B. 2N, [ 1+ 71| from larger loop or longer lead-in; however, available
D P L
Period Shift VLpCp 1P = D/ | inductive change is decreased when L ; is present.
f,S % Respornse time is dependent on loop inductance.
. . . p’ 2N, b . .
Raticed Period Shift | Sp=2 $; tP = Sensitivity is independent of inductive value at detector
S B terminals.
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digital detector manufacturers offer detector units
which can operate four or more loops. Some models
address the crosstalk problem by providing a fre-
quency-separation switch, while others separate the
loops by a time-division “scanning” process.

One manufacturer’s scanning detector energizes
and analyzes each of the four or more channels
sequentially, one at a time, up to 100 times per
second. The digital period shift type of detector is
inherently fast enough to permit scanning. Thetime
to analyze a channel depends on the sensitivity
desired, as high precision in thresholding demands
more time for counting reference pulses.

For example, if three 150 ph loops were connected
and used with sensitivities of 1, 4, and 6, and the
fourth channel was switched to off, then the four
channels would require 2.3, 9, 63, and 0.9 ms respec-
tively, for a total of 75 ms. Each channel would be
energized and analyzed a number of times per sec-
ond calculated as 1,000 + 75 = 13. The use of loops
of larger L will reduce the scan rate, as will the
selection of the highest sensivity settings on the
unit,

If more than four similar and nearby loops are
involved, the frequency switch can be used or the
size and/or number of turns of the loops can be varied
to provide crosstalk protection. Equation 39 and
Tables 2, 3, and 4 can be used to design frequency
separations of 7 percent or more,

Another manufacturer utilizes a much higher clock
speed. This provides much faster scanning rates.
For example, on the lower sesitivity settings, the
sample time is 0.5 ms per channel. Therefore, the
total time to scan all four channels is 2 ms. Also,
when a channel is switched off, the the scan time for
that channel is zero,

- Recent Advances in Digital Detectors

During the 1980’s several refinements have been
incorporated into digital detector systems. Recog-
nizing the heavy demand on maintenance dollars,
some manufacturers have added circuitry to their
detectors to reduce the frequency of trouble calls to
reset detector units attached to faulty loops. These
features, intended to reduce maintenance costs and

maximize traffic performance, include Open Loop
Test capability and Automatic and Remote Reset as
discussed below.

Open Loop Test Feature

This feature allows the detector to continue to oper-
ate an intermittently open locp system. A momen-
tary open caused by a broken wire, poor splice, or
loose connection will be stored in memory. If the
connection remakes, the unit will promptly retune
and continue to operate properly. If the open contin-
ues, it will result in a constant call,

When making a service call to the intersection, the
technician may observe an indicator light that will
flash a distinct pattern if an “open” has occured. Or,
on other brands of detectors, the technician presses
the “Open Loop Test” button on the detector unit to
determine whether an opening has occurred since
the last service call. The open loop memory can be
queried repeatedly as it can be reset only by power
interruptions (such as removing the module from its
card rack and reinserting) or by pressing the com-
mon reset button on the detector. This constitutes a
system reset which will clear the open loop memory.

Automatic Reset Feature

Some detectors can be programmed-such that, if a
call (detector output) exceeds the programmed time,
the detector will generate an internal reset. This
reset is controlled by the termination of the associ-
ated phase green. One agency claims that this
feature reduced their detector maintenance costs by
42 percent.

Remote Reset Fealure

Remote reset allows automatic investigation of
suspicious detector calls in computer or software
program control systems, Aremote master monitor-
ing the actuations of each system sensor may sus-
pect that a detector is malfunctioning. By asserting
the Reset command, the detector can frequently be
returned to normal operation. The reset causes
presence calls to be cleared, but it does not clear
Open Loop Memory nor does it prevent an open loop
from calling.
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If the Reset fails to restore normal operation, the
fault can be recognized and printed out for mainte-
nance attention. An open loop that is constantly
calling can be taken offline so that it does not falsely
influence system operating parameters.

Independant Loop Fail Output

In addition to the normal detector output, a second
output for loop status is provided on some models of
detectors. Whenever the loop inductance takes a
step change of + 25 percent or more, the Loop Fail
Qutput is turned on. If the inductance returns to a
value less than + 25 percent of the reference, the
Loop Fail Output turns off. This enables remote
interrogation of the loop status.

NEMA STANDARDS

As with traffic signal controllers, loop detectors were
developed and marketed by numerous manufactur-
ers, each using a different type of harness connector
and detector technique. To overcome the subse-

quent interchangeability problems, NEMA devel- -

oped a set of standards known as “Section 7. Induc-
tive Loop Detectors” released early in 1981. This
section of the NEMA Standards defined functional
standards, physical standards, environmental re-
quirements, and interface requirements for several
loop detector unit configurations.

L
e
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X

Figure 31. Sheif mounted detector units

Section 7 covered only the basic functions associated
with loop detectors. Users identified the need for
additional funections for specific locations, particu-
larly delay and extension timing. To cover this gap,
NEMA developed, and in 1983 released Section 11
entitled “Inductive Loop Detectors with Delay and
Extension Timing.” This section was basically iden-
tical to Section 7 with the addition of requirements
for the timing of delayed call and extended call
features.” A further revision resulted in a new
Section 15 released February 5, 1987 (a reproduction
is provided in Appendix J). This new standard com-
bines, updates, and supersedes Sections 7 and 11.

Detector Unit Configurations

The NEMA Standards define two basic types of

Antant 3 3 . Faa]
detector unit configurations: shelf mounted and

card-rack mounted. Shelf mounted detector units
are commenly used in NEMA controller installa-
tions, and are available in both single channel and
multi-channel (two or four channel) configurations.
These shelf mounted units as shown in Figure 31 are
powered by the 120 volt AC supply in the cabinet.
Outputs are generated by electromechanical relays
or by electrically isolated solid-state circuits. Physi-
cal dimensions and connector requirements are
included in the NEMA Standards in Appendix J.

Card-rack mountied detector units, illustrated in
Figure 32, fit into a multiple card rack and operate

i
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Figure 32. Card-rack mounted detector units
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offan external 24 volt DC power supply generated in
the rack assembly or elsewhere in the controller
cabinet. Use of these devices are an effective way to
reduce cabinet space requirements where large
numbers of detectors are needed.

Modes of Operation

There are two modes of operation selectable for each
detector channel: presence and pulse. Presence
detection imnplies that a detector output will remain
on while a vehicle is over the loop.

NEMA Standards require the detector unit to be
able to sustain a presence output for a minimum of
3 minutes before tuning out the vehicle. Most units
will maintain the call for periods up to 10 minutes.
This mode is typically used with long loop installa-
tions on intersection approaches with the controller
in the non-locking detection memory mode.

Non-locking detection memory is a controller funec-
tion whereby the controller retains a call (vehicle
detection} only as long ag the presence detector is
occupied (vehicles are passing over or stopped on the
detector). If the calling vehicle leaves the detector,
the call is dropped (forgotten) by the controller.

Pulse detection requires the detector to generate a
short pulse (between 100 and 150 ms) every time a
vehicle enters the loop area. This mode would
typically be used where detectors are located well
upstream of the intersection with the controller in
the locking detection mode. That is, the vehicle call
is not dropped by the controller when the calling
vehicle leaves the detector. For more mf‘ormatmn on
these modes, see Chapter 3.

Output Types

Two types of outputs are available for detector units:
relay and solid state. Relay type outputsuse electro-
mechanical relays to generate a circuit closure and
thus, a detection call to the controller. Solid-state
outputs have no moving parts, and are therefore
generally more reliable and considerably more accu-
rateintrackingthe actual presence of vehicles. This
is a very important factor in some aspects of timing
traffic signals.

The relay type outputs are designed to fail “on
(contacts closed) when power to the detectorisinter-
rupted. The solid state output fails “off’ (non-
conducting) in the same circumstances, Therefore,
a relay type output may be more desirable for use
with intersection actuation because a constant-eall
would be safer than the no-call situation, and a solid-
state output more desirable where accurate pres-
ence detection is desired.

Crosstalk

When two loops are the same size and have the same
number of turns and the same lead-in length, they
have the same resonant frequency. Should these
two loops be near each other or should the lead-ins
from these loops be in close proximity (perhaps
running in the same conduit), a phenomenon know
as “crosstalk” can occur. This occurrence is an
electrical coupling between the two loop channels
and will often manifest itself as brief, false and/or
erratic actuations when no vehicles are present.

NEMA Standards require some means to prevent
crosstalk, either inherent, antomatic, or manual.
The most common feature is a frequency selection
switch used to vary the operating frequency of the
adjacent loop channels.

Timing Features

As contained in Section 15 of the NEMA standards
(Appendix J}, the timing features include delay and
extension timing. Delay timing can be set from 0 to
30 seconds, indicating the time which the detector
waits, from the start of the continuous presence of a
vehicle, until an cutput begins (see Figure 33). The
output terminates when the vehicle leaves the de-
tection area. Ifthe vehicle leaves the loop before the
delay time has expired, no output is generated.
Extension time, defines the amount of time the
output is extended after the vehicle leaves the zone
of detection (see Figure 34), and can be set from 0 to
15 seconds.

Timing features can be controlled by external inputs
to the detector. For detectors with relay type out-
puts, a Delay/Extension Inhibit Input is provided
and requires 110 Volts to activate. Detectors with
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Figure 33. Delay operation.

solid state outputs have a Delay/Extension Enable
Input, which requires a “low” state DC voltage (0 to
8 Volts).

A typical delayed call installation might be a semi-
actuated intersection with heavy right-turns-on-red
from the side street which has long loop presence
detection. Using a relay output detector, the side
street green field output (110 Volts AC) is connected
to the Delay/Extension Inhibit input. Thus, a delay
is timed, allowing right-turns-on-red to be made
without unnecessarily calling the controller to the
side street. {(Heavy right-turn movements will bring

—=
(Present .-

Vehicle {
(Not Present

Time Set I«

(Conducting -~
Cutput
{Not Conducting

Figure 34. Extension operation.

up the green anyway, as the loop will be occupied by
following vehicles.) However, when the side street
has the green, the delay is inhibited, permitting
normal extensions of the green.

Conversely, extended call detectors could be used on
high-speed approaches to an intersection operated
by abasic (non-volume-density) actuated controller.
Using this technique, the apparent zone of detection
isextended, and a different “gap” and “passage” time
can be created without the volume-density controls
(this does not, however, replace volume-density
functions). The Delay/Extension Enable Input on a
solid-state output detector could be tied to the
controller’s “Phase On” output (Ref, 1).

TYPE 170 SPECIFICATION

Simultaneously with the evolution of the NEMA
Standards, the States of California and New York
developed the Type 170 controller specification. As
with the NEMA Standards, the development of this
new controller was a direct response to the problems
of non-interchangeability. The system developed
was to be interchangeable between all manufactur-
ers suppling equipment for either state,

Unlike the NEMA Standards which standardize
functions, the Type 170 Specification standardizes
hardware. The Type 170 is defined as a system
involving cabinet, controller, and all required acces-
sories including detectors. The California system
(Figure 35) specifies a large, base-mounted cabinet
with full component layout for 28 two-channel detec-
tor units, while the New York system features a
smaller, pole-mounted cabinet with 14 two-channel
detector units. New York has subsequently revised
itgs specification to require a new microprocessor.
This system, labeled a Type 179, covers the same
cabinet and detectors as the original Type 170.

Asthe Type 170 Controllers are housed in standard-
jzed cabinets, all components are modular or card
rack-mounted. The detector sengor unit is mounted
on a edge-connected, printed circuit board. Two
channel detectors take up one card slot, four channel
detectors take two slots. The detector module front
panel is provided with a hand pull for ingertion and
removal from the input file.
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Figure 35. Type 170 cabinet layout {California).

Model 222 / 224 Loop Detectors

Chapter 4 of the Type 170 Specification {reproduced
in Appendix K) defines the specification applicable
to the Model 222, Two-Channel Loop Detector Sen-
sor Unit and Model 224, Four-Channel Loop Detec-
tor Sensor Unit (See Figure 32). Specifically, this
chapter sets forth the general description, fune-

tional requirements, and electrical requirements.

Each detector channel is equipped with panel se-
lectable sensitivity settings for both presence and
pulse modes of operation. As with the NEMA Stan-
dards, the Type 170 Specification requires some
means to prevent crosstalk with other modules. It

also requires that the detector channel shall not

detect moving or stopped vehicles at distances of 3
feet or more from any loop perimeter. The timing
features are incorporated into the various Type 170
software programs such as the Caltrans Local Inter-
section Program (LIP).

SELECTION FACTORS

There are several important considerations that
should be evaluated before selecting a appropriate
detector unit model. The importance of these factors
depend on the particular requirements of a given
situation.

Tuning Range

NEMA requires that a detector unit be capable of
uumng‘ and operating as specmeu over a range of
inductance from 50 pth to 700 ph. For most applica-
tions, this range is adequate. Some units, however,
are capable of tuning and operating over a range of
1 ph to 2,000 uh. This larger operating range permit
extra long lead-in cables and/or several loops to be
wired in series to one unit.

Response Time
The time required for a detector unit to respond to
the arrival and departure of a vehicle is of impor-
tance when the outputis used to calculate speed and
occupancy. Systems for the surveillance and control
of surface street traffic signals and freeway flow
usually perform these calculations.

Ifthe time for vehicle call pick-up is close to the time
for drop-out, little or no bias in the time of vehicle
occupancy is introduced. If there is significant
difference, but the difference is about the same from
unit to unit, a correction for the bias is easy to apply.

NEMA specifies that a detector unit respond to the
arrival or departure of a small motorcycle intc and
out.of a 6- x 6-ft. (1.8-x 1.8-m) loop within 125 ms. An
automobile call must be initiated or terminated
within 50 ms. NEMA also states that for certain
specific surveillance applications which involve
vehicle speeds in excess of 45 mph (72 kph), more

precise response times might be required.
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It should be emphasized that response time is be-
coming more important. What the user accepted in
the past, was speed and occupancy measurements
that averaged out over many vehicles to a marginal
accuracy Now, and in the future, more emphasis is
being placed on faster responce times to provide
greater accuracy to meet the needs of advanced
traffic control algerithms. Many of the manufactur-
ers are responding to this need by supplying new
madels with enhanced capabilities.

A study performed for the SCANDI project in Detroit
found that the duration of a call is impacted by the
height of the flux field, which, in turn, depends on
the presence and depth of reinforcing steel and other
location-specific factors (Ref. 2). The study indi-
cated that adjustable, diamond-shaped loops com-
pensate for such factors at each location, resulting in
a uniform duration from loop to loop for a given
vehicle at a given speed.

WISNAT VL T
Recovery time can become critical when the unit is
operated in the presence mode with a long loop, say
6- x 50-ft (1.8- x 15-m), at the stop line, or four 6- x 6-
ft {1.8- x 1.8-m) loops in a left-turn lane wired in a
combination of series/parallel. NEMA requires that
after a sustained occupancy of 5 minutes by any of
the three test vehicles, the detector shall recover to
normal operation at least 90 percent of the mini-
mum specified sensitivity within one second after
the zone of detection is vacated. If a detector unit
does not recover quickly enough, the next vehicle
may not be detected at all and will be trapped until

a noaw vahirla arrmivas nm tha laan
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Saturated Flow

Loss of Detection during
During peak periods, a long loop or combination of
loops may be held in detection without abreak for an
hour or more. In these sitnations, it is important
that the detector unit be designed to continue out-
putting for at least an hour without dropping the
* detection because of an environmental tracking
feature or other design defect. NEMA does not
address this important, point.

Sensitivity with Pavement Overlay

Depth of loop wires has traditionally been consid-
ered to be a critical factor when the pavement is
overlayed. However, tests conducted in Texas sug-

gest that, with high sensitivity, proper installation,

and calibration, the depth at which a loop is buried
should have little effect on auto detection. In these
tests, a 6- x 6-ft (1.8- x 1.8-m), 5-turn loop was buried
at a depth of 18.5 in (50 ¢m) and encased in a 1/2-in
(1.2-cm) PVC conduit with no filler. There was no
appreciable difference in the detection of large cars
between the near-surface mounted loops and the
deep buried loops,

Bicycle detection was only slightly less efficient with
deep buried loops. The difference occurred at the
medium sensitivity setting. The surface loop de-
tected the bicycle 11t (0.3 m) outside the loop at the

ads +
medium setting, while the deep buried loop did not.

The rectangular 6- x 6-ft (1.8- x 1.8-m) did not detect
bicycles in the center portion of the loop on either the
surface mounted or deep buried loops regardless of
the detector setting.

:Pulse-Mode Reset

The pulse mode of operation provides an output (100
to 150 ms) that is useful in counting vehicles. A
detector unit should be capable of resetting or re-
phasing correctly to avoid either overcounts or
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quires only that a detector produce one, and only
one, output pulse for a test vehicle moving at 10 mph
in the detection zone of a 6- x 6-ft (1.8- x 1.8-m} loop.

For users wishing to count vehicles in two or more
lanes at the same time, a separate detector and loop
is recommended for each lane to ensure accuracy.
This approach can be implemented for 2 small addi-
tional cost over the use of a single detector and a wide

loop.

Although NEMA does not address this point, some
detectors provide failsafe operation with faulty leops;
i.e. grounded or open loops. The use of a loop
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isolation transformer permits these models to oper-
ate if the loop insulation is leaky or even shorted
completely to ground at a single location.

Isolation allows “balanced to ground” operation of
the 100p circuit. This reduces the effect of the wop
and lead distributed capacitance and hence the
effects of thermal and moisture changes in the ca-
pacitance. The balance also minimized loop circuit
coupling from lead-in cables in common conduits, If
the loop breaks, this design will fail in a “safe” way
byholding a constant eall, thus keepingtraffiemoving
and avoiding trapping any vehicles. Such operation
is, however, very inefficient.

Lightning Damage/Electrical Interference

An extensive study into the effects of lightning
related electrical surge problems was conducted by
the Ontario Ministry of Transportation and Com-
munications {Ref. 3). The major conclusions of the
study were:

* Most problems occured on common
grounding systems.

» If changed to isclated grounding,
maintenance problems are reduced
almost 80 percent.

* If system using isolated grounding is
also upgraded to include both primary
and secondary surge protection, main-
tenance problems are reduced by more
than 90 percent.

NEMA

nits withstand the

Awiamiiiala wi

same power-hne trans1ents speclﬁed for controller
units. The detector loop input terminals must be
able to withstand 3,000 volts. The primary to secon-
dary insulation of the input (loop-side) transformer
protects against “common mode” lightning voltages.

With one model, differential lighting protection
consists of a four-element protective circuit com-
posed of the input resistors, the neon tube, the
transformer leakage inductance, and the diode path
acrossthe secondary. Differential lightning-induced
currents are also potentially damaging. These cur-

rents are shunted through the neon bulbs, limiting
the voltage across the transformer

LS Ll Ay JRsies G VO el wiiaSia idE5a,

In Model 170 contoller cabinets, the specifications
require lightning protection be installed within the
loop detector unit. The protection is to enable the
detector to withstand the discharge of a 10 micro-
farad capacitor charged to £1000 volts directly across
the detector 1ﬁ‘pub 'pli‘ls with no 100‘p load presem

The protection must also withstand the discharge of
a 10 microfarad capacitor charged to £2000 volts
directly across either the detector input inductance
pins or from either pin to earth ground. The detector
chasisis grounded and a dummy resistive load of 5.0

ohms is attached to the pins.

The Model 170 specifications alsoinclude provisions
for preventing interference between channels in a

given unit as well as between units. The prevention
means may be either manual or automatic,

MAGNETOMETER DETECTORS

The magnetometer consists of a smallin-road sensor
about the size and shape of a small can, a lead-in
cable, and an amplifier. A typical installation is
shown in Figure 36,

The magnetometer detector was introduced in the
1QCNYa ag an aliawnation +n +hn lann Andantkas in gnn
LUV & dad all ailternaiive o uic LUUE UCLEVLUL 1AL D
cific situations. It is a special type of magnetic
detector designed to detect the presence of a vehicle
by measuring the focusing effect of the Earth’s
magnetic field which results when ferrous metal

(e.g. the vehicle) is in the vicinity of the detector.

The magnetometer is normally used where the only
information required is that the vehicle has arrived
at a “point” or small-area location. Therefore, it is
used to actuate controller phases operated in the
locking detection memory mode. Itis also effective
in counting vehicles. Unlike the loop detector, the
magnetometer will usually work on bridge decks
where steel is p“fesem. and C‘t.ll.ulng‘ the deck pave-
ment for loop installation is not permitted.

The magnetometer probe and its lead-in wire (which
is polyeurathane jackted) tend to survive in crumbly
pavements longer than ordinary loops. In addition,
they require fewer linear feet of saw cut.
magnetometers and loop detectors have their re-
spective applications and tend to complement each
other.
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Figure 36. Typical magnetometer installation

MODEL 228 MAGNETOMETER DETECTOR

Chapter 6 of the Type 170 Specification (see Appen-
dix K) addresses specifications applicable to the
Model 228 two-channel magnetometer detector
control unit and the Model 227 magnetometer sens-
uxg element. The magnetometer control unit is
specified only in the two channel version. Each
channel operates with from one to six probes or
sensors (Model 227). The control unit produces an
output signal whenever a vehicle passes over one or

more of the probes.

A magnetometer measures the passage or presence
of a vehicle. Two modes of operation are provided:
pulse mode which gives an output closure of 125+ 25
ms for each vehicle entering the zone of detection,
and presence mode which gives a continuous output

as long as a vehicle occupies the zone of detection.

THEORY OF OPERATIONS

The Earth is a large bar magnet with lines of flux
running from pole to pole as shown in Figure 37. For

//é\ﬁmh's magnetic flux lines

\\\\ \\\@

Figure 37. Earth’s magnetic flux lines.
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cal component of the Earth’s magnetic field must 0

exceed 0.2 oersteds; therefore, vertical axis magne-
tometers cannot be used near the equator where the
magnetic field lines are horizontal.

A typical magnetometer probe is cylindrical and
approximately 1 in (2.5 cm) by 4 in (0 ¢cm). It is
installed in a drilled hole in the pavement generally
about 1-ft (0.3-m) deep. A general arrangement of
the components of the magnetometer probeis shown
in Figure 40,

Figure 38 presents a map of the angle of the earth’s
magnetic field and defines the area (crosshatched)
which is not suitable for using magnetometers

A vehicle of iron or steel distorts the flux lines The core and the windings comprise a small, stable,
because ferrous material is more permeable to flux transformer-like element. It consists of sefs of
lines than is air. That is, the flux lines prefer to pass windings placed over a core material that has been
through the ferrous vehicle. As the vehicle moves treated to obtain special saturable magnetic proper-
along, itis always accompanied by a concentration of ties. The core is a single strip of Permalloy, around
flux lines known as its “magnetic shadow” as illus- which are wrapped primary and secondary wind-
trated in Figure 39. ' ings.

There is reduced flux to the sides of the vehicle, and The operation relies on the second-harmonic tech-
increased flux above and below it. A magnetometer nique applied to an open saturable core which is
probe installed within the pavement detects the oriented so as to be sensitive to the magnetic
increased flux below. Vehicles traveling between disturbances in the Earth’s ambient magnetic field.
zero to 100 mph (0 to 160 kph) can be detected. A triangular wave excitation current of suitable

ey
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Figure 38. Equatorial belt not suitable for vertical axis magnetometers.
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Figure 38. Vehicle's magnetic shadow.

frequency (typically 5 kHz) is applied to the two
primary windings connected in series opposition.
The secondary windings, which also carry the DC
bias to neutralize the ambient field, are connected in
series, aiding to supply a second-harmonic signal
into the electronic circuit of the detector.

N polyurethane casing is used for abrasion resis-
tance. It also makes the probe impervious to mois-
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Figure 40. Magnetometer probe components.

ture and chemically resistant to all normal motor
vehicle petroleum products. If the pavementis soft,
the probe may tilt causing a drifting out of tune. A
length of PVC pipe can be used to hold the probe
vertical.

OVERVIEW OF MAGNETOMETER
DETECTOR SYSTEM

Ablock diagram of a magnetometer detector system
is shown in Figure 41. Provided the ambient mag-
netic field is stable and exceeds about 16 ampere/m
(20,000 gamma), the magnetic shadow cast by a
vehicle causes a local field increase of the order of 20
percent and the switch-like action of the magnetic
material of the probe causes a signal change several
times this figure. The important aspect of this
detection principle is its high sensitivity and signal-
to-noise ratio.

SENSITIVITY AND THRESHOLDING

Magnetometers are passive devices. There is no
radiated “field” or core of detection. Therefore, a
portion of the vehicle must pass over the probe.
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Figure 41. Magnetometer system diagram.

Consequently, a magnetometer can detect sepa-
rately two vehicles that are a foot apart. This makes
the magnetometer better at cou.ntmg vehicles than
the loop detector.

Conversely, the magnetometer is not a good “lo-
cater” of the perimeter of the vehicle. There is an
uncertainty of about + 1.5 ft (45 cm). A single mag-
netometer is therefore seldom used for determining
occupancy and speed in a surveillance application.
Two closely spaced probes are preferred for that
function.

Magnetometers are sensitive enough to detect bi-
cycles. A detection channel is sensitive enough to
detect bicycles passing across a 4-ft (1.2-m} span
when the channel is connected to two probes buried
6in (16 cm) deep and spaced 3 ft (0.9 m) apart. They

can hold the presence of a vehicle for a considerable
length of time, and cannot crosstalk with one an-
other. No motion is required.

As many as 12 probes can be connected in series to
one channel of a detector unit. However, the sensi-
tivity is divided among the probes so there is a loss
in sensitivity per probe when more than one is used
per channel. The unit will detect with a vehicle over
one out five probes in the series (20 percent sensitiv-
ity on each probe).

ELECTRONICS AND CONTROL

The electronics unit normally inclﬁdes two com-
plete, independent detection channels with from 1to
12 series-connected probes on each channel.

The calibration procedures adjust the operation of
the electronic unit to accommodate the magnetic en-
vironment of the sensing probes. Prior to tuning, a
check must be made to assure that there are no
vehicles or movable equipment within 20 ft (6 m). A
calibration knob for each channel is turned until a
pilot light flashes, indicating that the ambient field
has been neutralized. Magnetometer detectors do
not offer a delayed-call timing feature.
Four operating modes are available. These are
selected on the front panel and include:

» Presence - Output is maintained
throughoutthe time the vehicleis over
the probe. Hold time is unlimited.

¢ Extended Presence - Qutputisheld
for a pre-selected time interval of up to
5 seconds after each vehicle departs.

* Pulse - A single output occurs during
the first 40 ms a vehicle presence is
sensed. A subsequent output cannot
oceur while that presence is main-
tained.

¢« Inhibited Pulse - Subsequent out-
put pulses are inhibited for pre-se-
lected time up to 5 seconds after each
vehicle departs. This eliminates
multiple pulses from trailers, etc.
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MAGNETIC DETECTORS

The magnetic detector is a simple, inexpensive and
rugged device that is useful only for pulse output in
traffic-acctuated signal control. These devices are

e 4
mostly used in the snow belt States of the northeast

because of the harsh winters and deteriorating
pavements It consists of a bullet shaped detector
sensor tunneled under the roadway inside a non-
ferrous conduit. The detector consists of a highly
permeable magnetic core on which are located sev-
eral coils in series, each consisting of a large number
of turns of fine wire. The motion of a vehicle causes
a change in the lines of the Earth’s magnetic flux
which induces a tiny voltage in the coil which, in
turn, is amplified by an electronicunitlocated in the
controller cabinet thus producing a call.

Specification for the magnetic loop detector, as de-
fined in Chapter 5 of the Type 170 Specification (see
. Appendix K), applies to three units of the detection
system: the sensing element, Model 231; the two-
channel magnetic detector amplifier, Model 232;
and the four-channel magnetic detector amplifier,
Model 234.

Each individual detector channel operates inde-
pendently with its associated magnetic detector
sensing element and shall produce an output S1gna1
when a vehicle passes over the embedded sensmg
The solid state amplifier, located in the
controller cabinet, is designed to render reliable de-
tection when a voltage is induced in the sensing ele-
ment by a passing vehicle.

alamant
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THEORY OF OPERATIONS

Figure 37 showed that the Earth is in effect a large
bar magnet with flux lines running from pele to pole,

The axis of the coil in all magnetic detect,ors is
perpendicular to traffic flow and has an associated
spherical zone of influence.

Disturbed lines of magnetic flux cut the turns of the
coil and create an output for as long as the vehicle is

/"in motion through the zone of influence. Minimum

speeds of 3 to 5 mph (5 to 8 kph) are required to

Stopped vehicles are not

produce an actuation

Vae iAWl fhia Rvvaaauaiil.

detected therefore, the magnetic detector cannot be
used as a presence detector. However, where simple
detection isneeded to actuate a traffic signal, amag-
netic detector installation can be both economical
and reliable. :

PROBE CHARACTERISTICS

The magnetic detector probe is simply a coil of fine
wires encased in a metal housing. As the device is
passive, it creates no field around it. It is only

produced as a non-directional, uncompensated
detector,

i Rl Tl ) 4

only in their installation requirements. One type is
installed below the surface (subsurface mounted)
and the other type is installed flush with the pave-
ment (surface mounted).

There are two types available differing

The subsurface unit is 2 in (5 cm) in diameter by 20
in (50 ¢m) long and weighs 8 1b (3.6 kg) as depicted
in Figure 42. The surface-mounted model is ap-
proximately 3 in (7.5 cm) by 5 in (12.5 ¢m) by 20 in
(50 cm) long with the sensing unit encased in a cast
aluminum housing. These models are responsive to
flux changes over a large area, covering up to three

conventional lanes. If the lanes are considerably
‘_l'?'ifln'r H\an 1‘2 'ﬂ' fQ & MY coavaral nrahac mav ha
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needed if small vehicles and motorcycles are to be
detected.

The signal voltage level emitted from the probe must
be high enough to avoid being mistaken as noise. On
the other hand, the signal level must be a minimum
of 0.2 mV into 1,000 to 2,000 ohms to ensure against
noise disturbances induced in the installation and
wiring by other adjacent electrical cireuits. The
required sensitivity is such that it should operate on
a single cycle of a sine wave of between 0.25 and 1.0
Hz with an amplitude of 2 mV and should operate
with a single cycle of 0.1 Hz with an amplitude of

5mV.

ELECTRONICS UNIT
The electronics unit is essentially an amplifier that

is tuned by adjusting the amplification gain to a level
sufficient to detect vehicles.
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Figure 42. Magnetic detector probe,
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3. DETECTOR APPLICATIONS

The application of traffic detectors to various forms * Isolated Intersection Control: Theflow
of traffic control continues to escalate. Best known of traffic is controlled without con-
for signalized intersection control, use of detectors sidering the operation of adjacent
for additional operations such as ramp metering traffic signals. (See Figure 43).
control, and freeway surveillance and control, is be-
coming increasingly commonplace. Advances made * Arterial Intersection Control (Open
in traffic control system technology during the past Network): Major considerationis given
decade are primarily a result of microprocessor to progressive flow of traffic along an
usage and advances in electronics. Research and arterial and to operating arterial sig-
widespread user experience is now available to assist nalsasasystem. Figure44illustrates
agencies in selecting the most appropriate opera- both an open and a closed network.
tional configuration to satisfy their detection needs.

* Closed Network Control: Includes a
This chapter describes the wide range of choices in- group of adjacent signalized intersec-
volving operational features of the detector compo- tions in a network whose operations
nent of traffic control. Although emphasis is placed are coordinated (e.g. the control of
onthe application of the most commonly used indue- signals in the Central Business Dis-

L, tive loop detector, applications for magnetometer trict (CBD)),

‘and magnetic detectors are also considered.

OVERVIEW OF TRAFFIC CONTROL
CONCEPTS Cross Walk

Traffic control concepts involving a detection ele-
ment fall into two general classifications: control
concepts for city streets, and control concepts for
freeways. To provide a basic understanding of these /\/
concepts, a brief overview is presented covering the

functional characteristics of detectors, and the in-
terrelationships and interdependence between and I
among the various traffic control components. For
those seeking additional background on traffic re-
sponsive traffic control, two standard references are 3 Lead-in Wire
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(Ref. 4) and the Traffic Control System Handbook 5 o > <
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~~~Traffic signal control concepts for city streets are pri- ~

narily involved with signalized intersections, which _ ] .

may be grouped into the following categories: Figure 43. Isolated intersection control.
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Figure 44. Anterial networks.

s Areawide System Control: Treats all
of the traffic signals within an area, a
city, or a metropolitan area as a total
system. Individual signals within an
area may be controlled by isolated,
open network, or closed network con-
cepts.

Other signal-related control concepts that may be
applied for special functions include:

» Priority Vehicle System Control:
Assigns priority for the movement of

priority vehicles such as emergency

vehicles and buses.

* Diamond Interchange Control: Im-
proves efficiency of freeway diamond
interchanges.

Each of these concepts has a unique set of opera-
tional requirements, performance objectives, and
functional requirements. The hardware and soft-
ware components necessary to satisfy these require-
ments are discussed later in this chapter.

As originally conceived, freeways were considered
as limited access, free flowing facilities with little

mnnsd Al o,
need of traffic control. The rapid growth in freeway

traffic demand and the resulting congestion have led
to the development of Freeway Surveillance and
_ Control Systems. These systems are designed to

specifically address ramp control, mainline control,
and corridor control. The concepts that have been
brought to bear on the freeway congestion problem
include:

¢ Restricted Entry (ramp closure, ramp
metering).

¢ Priority Treatment (high occupancy
vehicle (HOV) operation).

¢ Surveillance.

¢ Incident Management (detection and
response).

» Advisory Information (speed, travel
time, route guidance, diversion).

For each of these concepts, control principles and
parameters have been developed. Each have their
own set of functional components. Detectorsplay an
important role in most of these concepts.

FUNCTIONAL DESCRIPTION OF
DETECTORS

Most vehicle detectors are used to identify the
movement of vehicles past a given point on the road.
This information is transmitted to a traffic signal
controller, traffic counter, or other device. If a
detector is equipped with a directional feature, it
will record the passage of vehicles in the specified
direction and not that of vehicles in the opposite
direction. For locations where vehicular speeds are
extremely low, or where vehicles may be standing
and the directional feature is not required, a pres-
ence detector is generally used.

A passage (motion) detector will record the passage
of a vehicle in the detection zone as long as it is
moving above 2 to 3 mph (3 to 5 kph). These
detectors are used with semi-actuated or full-actu-
ated controllers. To record slow moving or standing
vehicles, a presence detector is necessary.

When vehicles are forced to stop or move very slowly

in approaching a traffic actuated signalized infer-

section, it is desirable to use presence detection t«
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assure that stopped vehicles waiting on the detec-
tors will be recorded. Presence detectors donothave
a directional feature and cannot differentiate be-
tween vehicles entering or leaving the detection
zone. However, there is less need for the directional
feature as the call is not normally retained in the
controller once the vehicle leaves the detection zone.
The call will not be retained by passage detectors
either, once the vehicle leaves the detection zone.
Thedifferenceisin controller operation (i.e., whether
the controller is in locking or non-locking mode).

For traffic counting, a passage detector is generally
used. These detectors can be used to count traffic in
individual lanes, lanes in a particular direction
simultaneously, or all lanes in both directions con-
tinuously. As the number of lanes counted by a
single detector increases, the accuracy of the count
decreases as multiple vehicles can occupy the same
detector at the same time.

Passage detectors are also used for measuring traf-
fic speed and volume. They can record the traffic
information in individual lanes, or on all lanes of

/ Traffic in one direction. In the past, separate detec-

don equipment and recording mechanisms were
required to retain traffic data in both directions.
Equipment is now available that will record sepa-
rately by direction and/or by lane. To obtain accu-
rate vehicle count and speed data, detectors mustbe
located sufficiently in advance of the signalized
intersection so that traffic is never backed up to, or
over the detection zone. If traffic backs up to the
detector, only volume is counted.

Of the three types of detectors (loop, magnetometer,
and magnetic detectors), the magnetic detector is
themost limited. It can only operate in a pulse mode.
That is, the detector produces a short output pulse
(100 ms) when detection occurs. Accordingly, it can
only be used to detect motion at an intersection
approach and as a counting device. Magnetometer
and loop detectors can be used to detect either
presence or passage. Magnetometers work well for
counting vehicles provided that the detection zone is
adequately defined. The detection zone for magne-
tometers is generally less than 3ft (1m) in diameter,
which can cause some missed detections.

~~The inductive loop detector is the best type of sensor

r detecting vehicle presence. Loop size can be
varied to accommodate different applications. For

small area detection, the conventional loop and the
magnetometer may be interchanged. For motion
(pulse) detection only, all three types are inter-
changeable.

Some schemes for high-speed intersections use con-
ventional loops or magnetometer detectors with
normal output. Other designs use detector units
that “stretch” or hold the call of the vehicle after it
leaves the detection zone (Extended Call Detectors).
Still another design incorporates detectors that delay
an output until the detection zone has been occupied
for a preset period of time (Delayed Call Detectors).
These detectors are discussed later in this chapter
and in Chapter 4,

LOCAL INTERSECTION CONTROL

The functional requirements of the detector element.
of local intersection controel are primarily based on
the operational decisions made early in the design
process. The design engineer must first determine
the appropriate method of control and the associated
operational elements to establish the functional
requirements of the hardware (and software) compo-
nents. '

CONTROL MODES

The two basic types of control are pretimed and
actuated. Since pretimed control assigns the right of
way at an intersection according to a predetermined
schedule, detectors are not required. The length of
time interval for each signal indication in the cycle
is fixed based on historic time patterns. In actuated
control, signal phases are not of fixed length, but the
right of way is assigned on the basis of actual traffic
conditions (vehicle demand) as provided by inputs
from the detection element.

There are several types of actuated control. In semi-
actuated control, one phase (usually the major street)
operates in a non-actuated mode. In this type of
operation, detectors are required only on the cross
street (and, perhaps, on other minor phases), and is
best suited to intersections where the major street
has a relatively uniform flow and the cross-street
has low volumes with unpredictable peaks.
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M

Full-actuated control is primarily used at the inter-
section of streets with sporadic and varying traffic
distribution. Detectors are required for all phases
with each phase timed according to preset timing
parameters. Full-actuated control may allow skip

[T S
phasing (omitting phases when thereisnodemand),

split phasing, overlap timing (allowing nonconflicting
phases to operate concurrently), and pedestrian
timing.

Volume-density control is a variation of actuated
control and provides a complex set of criteria for
allocating green time (“Added Initial” and “Time
Waiting—Gap Reduction”). This mode can be util-
ized in both semi-actuated and full-actuated modes.
It normally operates on a continuously variable
cycle length and requires accurate traffic informa-
tion to react in time to accommodate existing condi-
tions. Although the “time waiting-gap reduction”

aonant alvralas
aspect of volume density control can be utilized with

presence detectors, normally this means that point
detectors on volume density approaches are installed
far in advance of the intersection (from 200 to 600 ft
(60 to 180 m) depending on approach speed).

DETECTION OF PRIORITY VEHICLES

There are a number of situations which require
special assignment of the right-of-way at a sig-
nalized intersection. For these situations, several
forms of priority control have been developed. For
the purposes of this discussion a distinetion ismade

P ey A nwiawity anntral

Debwct:u preciuplivii and priority COnirol.

In this context, preemption may be defined as an
operation in which the normal signal sequence at an
intersection ig interrupted and/or aitered in defer-
ence to a special situation, such as the passage of a
train, a bridge opening, or the granting of the right
of way to an emergency vehicle such as afire engine,
ambulance, or police car. In priority operations, the
green is held longer than normal or will go to green
as soon as possible in order to provide priority
treatment for transit vehicles.

In the case of railroad preemption train predictors
{detectors provided by the railroad) are used to
detect the approach of a train and to trigger a control
reaction which first clears the track area and then
allows non-conflicting green phases to operate dur-

ing the passage of the train. Preemption for emer-

gency vehicles at an individual intersection depends
on an ability to detect individual emergency ve-
hicles, typically by using modulated light. When an
emergency vehicle is detected, a special signal con-
trol procedure assigns the right-of-way to the emer-
gency vehicle, After a preset time period, the signal

HEENS

retums to normal operation.

In some emergency systems, a green indication is
displayed at all signalized intersections along a
selected route to be traveled by the emergency ve-
hicle. The right-of-way assignment along the route
is accomplished by activating a switch at a central
location such as a fire station. In some centrally
controlled computerized signal systems, the emer-
gency progression is a programmed feature which
operates ‘more efficiently than the manual tech-

nique described above.

assigning priority to person movement as opposed to
vehicle movement. This can be accomplished in a
number of ways such as: exclusive bus lanes, assign-
ment of transit prmrities at signalized intersections

i ] Al e i bt kA eareame (o
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TRANSYT 7F), or through bus priority systems.

The essential objective in transit priority control is

There are several categories of equipment that may
be used for these purposes. The most prevalent type
of active system is based on an optical principle as
described below.

Light Emitter/Receiver

This system, used for both preemption and priority
control for emergency and transit vehicles, is a
gpecial purpose high-intensity light detector sys-
tem. It utilizes a high-intensity light emitted at a
specific frequency from a transmitter mounted on
the vehicle (a forward-facing white strobe light on
emergency vehicles and the same light with an

infrared filter on transit vehicles).

The light is programmed to flash a high frequency
code to distinguish it from other flashing lights or
lichtnine. A different code is used for the various

1iEAIVIELE, 5 WALLRARAL L BAAAN S RAORAR 2 LI1&

types of vehicles to distinguish between emergency

vehicles which command preemption and transit-— -

vehicles that may only receive a priority from the
signal controller.
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Each intersection to be preempted is equipped with
one or more optical receivers, depending on the
number of approaches that are to provided with
preemption capabilities As the emergency vehicle
with the light emitter approaches the intersection,
the appropriate directional receiver senses the coded
light, triggering the preemption circuitry in the
intersection controller. When the light from an
emergency vehicle is detected, a signal is relayed to
a phase selector (connected to the controller) or
directly to the controller. The status of the controller
isexamined and the controller either holds the green
interval for the emergency vehicle or terminates the
green on the opposing street(s), thus transferring
the green to the direction of travel of the emergency
vehicle. The various components of this system are
shown in Figure 45. :

Figure 45. Light emitter/freceiver preemption system.

The operation for priority vehicles is essentially the
same except that the control function is not
preempted. If the signal is green, the controlier
attempts to hold the green long enough for the
priority vehicle to enter. Ifthe lightis not green, the
controller attempts to bring the phase up as quickly
as possible.

This system allows for two priorities so that both
emergency vehicles and transit vehicles can use the
same intersection hardware. Transit vehicles are
equipped with a light emitter with an infrared filter
and a different light coding sequence. The electron-
ics at the intersection can differentiate between the
two codes, and implement the appropriate preemp-
tien or priority sequence.

Vehicle Identification Concept

This concept, introduced in 1989, utilizes a small
transmitter located on the emergency, transit, or
commercial vehicle; an existing or new loop in the
roadway; and a standard detector unit with the
addition of a discriminator module. The system
recognizes the emergency vehicle and provides a
separate output while still operating as a normal
vehicle detector. In addition to preemptive and
priority control, the system has other applications
such as overriding gate control, recognition of ve-
hicles at control positions or gasoline pumps, relat-
ing bus passage with schedules, etc.

The vehicle transmitter, shown in Figure 46, is
mounted on the underside of the vehicle. It is
designed to continuously transmit a unique code
that identifies the vehicle. This code is received by
any standard loop in the roadway. A special digital
loop detector unit detects the vehicle and decodes
the vehicle’s identification.

Figure 46. Transmitter and detector unit for vehicle
identification system.

Transit Vehicle Signature - Loop Detector

To eliminate the need for equipping priority vehicles
with a special transmitter, recent focus has been
placed on developing a passive system that would
not require a transmitter on board the vehicle,
Systems currently on the market consist of aconven-
tional loop buried in the roadway and a specially
adapted digital detector unit which provides a unique
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wave form (also termed “signature” or “footprint”) of
each vehicle it detects.

For bus detection systems, the digital signalisinput
to amicroprocessor module which analyzes theshape
and characteristics of the signature created by the
involved vehicle. The signature is then compared to
known bus profiles held in the processor’s memory.
If a bus is identified, an output is generated to
provide priority treatment. A block diagram of this

system is shownin Figure 47. Typical signatures for

various classes of vehicles are shown in Figure 48,
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Radio Transmitter/Receiver
Similar in operation to the light emitter system
described above, this technique uses a radio trans-
mitter mounted on each emergency or transit ve-
ﬂlLle d.Ilu a rduw recmver dD eacﬂ IIIVUJ.VBU .lIl bBI‘bBL'
tion. However, as radio waves are not directional,
the system must either include a directional com-
mand from the approaching vehicle, or provide lim-
ited preemption or priority capabilities (one ap-
proach preemption, all-red flash, etc.) and a reduced
detection zone to avoid preempting all adjacent
signals unnecessarily.

One system currently available includes an on-
board device to automatically determine the head-
ing of the vehicle, which is then coded into the radio
transmission to the signal being approached. By
coding emergency and transit vehicles separately, a
dual preemption/priority system canbeimplemented.

SIGNAL SYSTEM CONTROL

Detectors are used as system sensors to acquire the
data needed for a number of system functions. In
this sense, detectors constitute the surveillance
subsystem to provide the traffic flow information for
use in computing signal timingfor system functions
such as critical intersection control (CIC), selecting
timing plans, and for both on-line and off-line devel-
opment of timing plans using optimization pro-

ogramae A dighinsfinn cshannld he maada hatwoan ave
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tem sensors (detectors) and detectors used for local
actuation. Alocal intersection detector is connected
directly to an actuated controller, whereas the sys-
tem sensor is connected to the central computer or
arterial master.

Typically, system sensors sample traffic at strategic
locations. The precise detector type, placement, and
configuration of the detector subsystem is depend-

ent upon the variables to be measured and the

configuration of the control system. The system may
Digitized beforthe control of arterial streets, closed networks,
Presence
Signal
Loo [3 "
Detec?or Digital Central
Unit Input * Processing
Port Unit
Algaorithm ;
in Bus Car
RAM Digital
Cutput —
Port
Bus Truck Van
Loo Detector
Roadway Signat
Figure 47. Bus detection system. Figure 48. Typical vehicle signatures.
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diamond interchanges, or area control.” On a per
intersection basis, fewer system sensors are used
than for local intersection control.

For data acquisition, the loop detector is best suited
to computerized traffic signal control because of its
reliability, accuracy, and ability to detect both pres-
ence and passage. Using these two outputs, a
number of variables can be derived with varying
degrees of accuracy, such as volumes, occupancy,
speed, delay, stops, queue lengths and travel times.
These variables are related to either traffic flow
along the length of the detectorized roadway or in
the immediate vicinity of the detectors.

The most easily obtained quantity is the volume.
This quantity is the number of pulses measured
during a given time period. That is, a 15-minute
volume would be the number of pulses from the
detector in a 15-minute period. Occupancy is the
percent of time that a detector is indicating a vehicle
presence over a total time period, and can range
from zero to 100 percent, depending on wvehicle
~ spacing.

Volume and occupancy are the most important vari-
ables for use in selecting traffic responsive timing
plans and for many operating thresholds. In many
cases, volume can be used without ocecupancy. When
the intersection approaches saturation, however,
volume will level off to a constant value that is
proportional to the green time divided by the aver-
age vehicle headway, while the occupancy will con-
tinue to increase. It generally follows that occupan-
cies of over 25 percent are a reliable indicator of the
onset of congestion.

Speed is another useful variable in the on-line or off-
line computation of signal timing plans using opti-
mization programs such as TRANSYT. With a fixed
volume, speed is inversely proportional to occu-
pancy because the faster a vehicle is traveling, the
lower its occupancy. But, since occupancy is the
accumulated value of several vehicle presence
measurements, the inverse of occupaney must also
be divided by volume.

Speed computations typically will be subject to er-
. ror, For example, vehicles are not all the same
lIength; occupancy measurements also will contain
error as the detector output is sampled rather than

measured continuously; all vehicles are not properly
positioned in their lanes when they cross the detec-
tor; and speed measurements are made at a point
instead of along the link. A 20 to 30 percent errorin
speed computations isnot uncommen. Newer detec-
tors, operated in pairs, can provide much more
accurate speed measurements. Speed detection
using two loops is discussed later in this chapter.

The remaining variables (delay, stops, travel time,
and queue lengths) are used primarily for the evalu-
ation of system operation and are very difficult to
measure accurately. Stops and queues require
multiple detectors in each lane to obtain acceptable
measurements. The number and location of loops
depend on the individual software programs that
are being used.

ARTERIAL STREET SYSTEMS

Volume and occupancy are the two basic variables
used in arterial street system control. The objective
is to adjust signal timing to reflect the major traffic
flow. To establish progression along a major arte-
rial, a few system detectors are strategically placed
at free-flowing midblock locations. By sampling
inbound and outbound traffic conditions, control
parameters can be cemputed by a master supervi-
sory unit. Cross-street approaches are detectorized
as they would normally be for local intersection
control. The arterial master controller selects a
traffic pattern based on measures of directional
volume and/or occupancy as measured by the detec-
tors on the arterial street.

NETWORK CONTROL

The type of control specified for network control
systems will define the type of data tobe acquired by
the detector surveillance subsystem. For example,
time-of-day control does not require detectors bhe-
cause it is basically a time-clock operation. Con-
versely, first generation traffic-responsive opera-
tion is based on the timely identification of traffic
trends within the network and will therefore re-
quire, as a minimum, detectorization on the heavily
traveled links.
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For traffic responsive generation-type plans, detec-
tors are nominally required on all approaches. Cri-
teria for several optimization programs can help
reduce the number of detectors while retaining
adequate accuracy for preparing on-line signal tim-
A more defimitive discussion of the loca-
tion of detectors for a traffic-responsive system is
provided in Chapter 4.

ino nlansg
ing plans,

FREEWAY SURVEILLANCE AND
CONTROL

Detectors are generally used in freeway surveillance
and control to detect two types of congestion: recur-
ring and nonrecurring congestion. Congestion is
termed recurring when both the location and time of
congestion are predictable such as weekday peak
periods. Nonrecurring congestion is defined as that
caused by random, temporary incidents such as
stalled vehicles, accidents, spilled loads, or other
unpredictable events.

Recurring congestion results when the traffic de-
mand exceeds freeway capacity. Measures to help
reduce congestion involve decreasing peak period
demand by managing vehicle activity through such
techniques as entrance ramp metering, mainline
metering, freeway-to-freeway connection control, and
corridor control. Detectors play a major role in
alleviating recurring congestion, particularly in

niranss ramn maoto
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Nonrecurring congestion is more difficult tomanage
because of its unpredictability. Itis obvious thatthe
effects of these nonrecurring events can best be
minimized by detecting the incident and removing
the cause as quickly as possible.

Incident detection techniques consist of a variety of
advanced and/or expensive techniques, including
closed-circuit television, aerial surveillance, emer-
gency call boxes, patrols, etc. The lower cost main-
line detectors in the lanes are not as effective in
incident identification, but are often used to detect
the beginning of congestion at off peak hours, which
usually indicates some type of incidenthas occurred.
They can also be used to determine the extent of the
ineident’s impact.

This section discusses those techniques using detec-
tors for managing trafficin freeway surveillance and
control systems,

Controlling freeway ramp entrances is one of the
most effective and commonly used methods of limit-
ing the number of vehicles entering a congested
freeway during peak periods. Ramp control is
generally accomplished through ramp closures
(which do not require detectors) and various ramp
metering contrcl modes (e.g. pretimed, traffic re-

sponslve’ gap- nr\ceptance merge rgntrn] and inte-

grated ramp control).

The Traffic Control Systems Handbook (Ref, 5) pro-
vides a comprehensive discussion of the applica-
tions, strategies, and methods used in entrance
ramp control. The following provides a brief sum-
mary of those applications,

Ramp Closure

Closing an entrance ramp during peak period is a
simple and positive technique for limiting the number
Tt ig
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vehicles entering a congested freeway.

however, the most restrictive and least popular with
the public. If applied in an inappropriate situation,
it could result in under-utilization of the freeway
and the overloading of alternative routes. The most
effective usage is where the entrance ramp intro-
duces serious weaving or merging problems under
congested conditions.

Ramp closureis accomplished with manually-placed
barriers,automated barriers, and/or signing. In any
case, detectors are not required for this entrance
ramp control technique except, perhaps, during the
change-over operation of automated barriers.

Ramp Metering

Ramp metering is rapidly becoming an integrated
component of freeway surveillance and control sys-
tems. Essentially, ramp metering consists of limit-
ing the rate at which traffic can enter a freeway
through the use of traffic signals usually located on
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the ramp just prior to the freeway entrance. A
typical ramp meter installation is shown in Figure
49. Metering rates may range from a minimum of
180 to 240 vph to a practical maximum of 750 to 300
vph. When the metering rate is not directly influ-

aenced hy mnn’\hnn traffie enonditions. the cantrol 1 is
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referred to as “pretimed eontrol”, but this does not
necessarily imply the absence of detectors.

Figure 49. Typical ramp meter site (Los Angeles).

Other types of ramp metering control techniques
include traffic-responsive metering, gap acceptance
merge control, and integrated ramp control.

In a pretimed system, depending on the purpose of
the control and the strategy employed, the following
type of detectors may be used. (These detectors are
generally located as shown in Figures 50 and 51.)

* Check-in (Demand) Detector: Signal
remains red until vehicle is detected at the
stop bar on the approach and turns green
after minimum red.

* Checkout (Passage) Detector:
Placed just beyond the stop bar, it is
used to assure single vehicle entry by
terminating greenas soon as vehicleis
sensed.

*+ Queue Detector: Placed well in
advance of signal, itis used to prevent

blockage of surface streets or frontage
road by sensing vehicles occupying
the loop for a selected period indicat-
ing need for a higher metering rate to

shorten the queue and clear the block-
Qoo

age.

* Merge Detector: Placed in the pri-
mary merge area to sense the pres-
ence of vehicles attempting to merge
into the main freeway lanes.

The pretimed metering system operates with a
constant cycle and can be set for single entry meter-
ing or platoon metering. Timing may be set to
release the desired number of vehicles per cycle.
There are a number of documented advantages of
this system including reductionin congestion, travel

time improvement, providing the driver with a
ﬂannnﬂnh]n situation. and relativelv low installa-
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tion costs. The major disadvantage is that the
system can not respond automatically to changesin
traffic conditions, A typical layout of a pretimed,
entrance ramp metering system is shown in Figure
aU.

Unlike pretimed metering control, traffic-respon-
sive meteringis directly affected by the mainline and
ramp traffic conditions. In this system, metering
rates are selected on the basis of real-time measure-
ments of {raffic variables indicating the relation
between upstream demand and downstream capac-
ity. The same types of detectors are used as defined

ahave In addition some gvestame include datactors
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used to determine traffic composition and weather
conditions to enable the system to account for the
effects of these factors on traffiec flow. Alayout ofa
traffic-responsive entrance ramp metering system
is shown in Figure 51,

Gap-Acceptance Merge Control is another form of
entrance ramp control intended to allow a maximum
number of vehicles to merge safely from the ramp
into the mainline without causing significant dis-
ruption to the flow of freeway traffic. The gap-
acceptance merge control system does not generally
operate with a constant metering rate for a specific

aa dAa tha neatimed and traffias
a3 QU LT pPITuliicu diiu uidiit-

nnnnnnn 3t ororal

LULILI VUL LllLcl Va.l’
responsive metering systems. Rather, it operatesin
response to the availability of acceptable gapsinthe
freeway lane into which the ramp vehicles are to
merge,
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Figure 50. Pretimed ramp metering system.

In addition to the detectors used in pretimed and
traffic responsive systems (Figures 50 and 51), a
main line gap/speed detector is located in the shoul-
der lane ofthe freeway, upstream of the ramp merge
area to provide the data necessary to determine
presence and approach speed of available gaps.

Some systems may include a slow vehicle detector to |

sense the presence of a slow vehicle on the entrance
ramp between the metering signal and the merge
detector.

Integrated Ramp Control

Integrated ramp control, by definition, is the appli-
cation of ramp control to a series of entrance ramps
taking into account the interdependency of the con-
trolled ramps. That is, the control of each ramp is
based on the demand-capacity considerations for
the whole system rather than onthe demand-capac-
ity constraint at each individual ramp.

A significant feature of integrated ramp control is
the interconnection among local ramp controllers
which permits conditions at one entrance ramp to

affect the metering rate imposed at one or more
other locations. Real time metering plans are com-
puted and updated by a central master controller,
based on freeway traffic information obtained from
vehicle detectors (sensors) located throughout the
system. A schematic representation of a typical
integrated ramp control system is given in Figure
52,

MAINLINE CONTROL

Although considerable interest has been expressed
in the concept of freeway mainline control (ie.,
actually controlling or metering the through lanes
onafreeway), until recently, the application of these
concepts in the United States has been limited to a
few specialized sites, to research efforts, and to
selected demonstration projects. There have, how-
ever, been extensive applications of various types of
mainline control strategies in West Germany, Ja-
pan, and the United Kingdom,

Mainline control usually involves such means as
driver information systems, variable-speed control,
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2-3 mile spacing.

Note: For isolated traffic-responsive ramp mater control, a minimum of one CV detector is needed either upstream
or downstream of the ramp, but not both. I may be desirable to install two detectors, one in each of the right
lanes, to and choose the best for use with ramp mater control.

Complete mainline coverage of all lanes is provided only in interconnected control systems, usually at

@ Queue detector (optional)

Figure 51. Traffic-responsive ramp metering system.

lane closure, mainline metering, and/or reversible
Iane control. Individually or in combination, these
control techniques are rapidly gaining acceptance at
many highly congested freeway locations through-
out the Nation. The role of detectors in these tech-
niques will vary considerably depending on the
operational needs and the data requirements,

Thebasic principle involved in most vehicular detec-
tor-based surveillance systems is that changes in
the percentage of time that a vehicle is present
used to sense congestion and to indicate that an
incident has occurred. A computer calculates the
difference in occupancy between adjacent detector
stations. At the end of a sampling period when the
occupancy of that period and the preceding sample
forthe downstream detector exceeds a certain value,
an alert is signaled automatically by the computer.
Additional information immediately upstream of

the incident is then obtained and a judgment deci-
gion is made as to what response is required.

One mainline freeway metering system has been in
operation since 1978 on Route 94 just before its
junction with Route 125 in San Diego, California.
Ramps on Route 94 upstream of the junction have
not been metered, while the ramps on Route 125
have been metered. To offset this unbalance in
upstream control, the mainline lanes on Route 94
are metered.

A gantry which contains a separate signal head for
each of the three lanes (two conventional lanes and
one HOV lane) is mounted over the roadway. When
the system is operating (normally from 6 to 9 A M.),
each signal head turns green to allow one vehicle at
a time to proceed in that lane. A passage detector is
located immediately downstream of the stop line. As
the vehicle is detected, the signal turns red (no
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Figure 52. Typical integrated ramp control system.

yellow interval is used during the metering opera-
tion, only during startup). The signal then remains
red for the remainder of the metering cycle, which is
set to achieve the desired flow rate. Extensive
signing is placed in advance of the metering station
to warn freeway traffic of the unusual event that
they are about to encounter.

The metered freeway (Route 94) has no ramp meters
upstream of the mainline meters, while the joining
freeway (Route 125) does have upstream ramp
meters. Therefore, at the junction, one freeway has
already been metered through entrance ramp me-
ters while the other freeway is metered just prior to
the merge. The system has been operating effec-
tivelysince 1978 and has encouraged theuse ofthree
other mainline metering stations on the San Diego
area freeway system.

One of these, located in El Cajon, is shown in Figure
53. Three lanes of southbound State Route 67 are
metered as they join westbound Interstate 8. An
internally illuminated sign displays the message
“Prepare to Stop” during the metering operation.
The metering signals are 12-in (300-mm) standard
3-section heads centered on each lane and mounted
on a 50-ft (15-m) mast arm.

Another mainline metering station is located on the
west bound lanes approaching the San Francisco-
Oakland Bay Bridge, a 7-mile (11.2-km) toll bridge
across San Francisco Bay in California. This meter-
ing station (shown in Figure 54) is located 8001t (240
m) west of the 17 toll booths and the 2 HOV bypass
lanes in the toll plaza. All 19 lanes must be accom-
modated in 5 lanes on the bridge. During the A M.
peak, one of the toll booths is elosed and the lane is

56




Detector Applications - Chapter 3

Figure 53. San Diego freeway metering system.

converted to a third HOV lane. The remaining 16
lanesarereduced to 12 lanes at the metering station.

The metering signals, mounted on a gantry, indi-
vidually control the 12 lanes from the toll booths and
allow the 3 HOV lanes to pass freely. Again, the
green indications in each lane are terminated as
soon as the vehicle crosses the stopline and is de-
tected by a passagedetector. Meteringratesarekept
at alevel to maintain smooth flow on the bridge. The
meters are only operated during periods of heavy
traffic (primarily in the A.M. peak) or when a major
incidenthas occurred on the bridge. Thereisnoneed

Figure 54. San Francisco-Oakland Bay Bridge metering system.

for extensive advance warning prior to the signal
gantry because of the proximity of the toll booths. No
significant speed is attained by vehicles as they
leave the toll booth before they encounter either the
signal itself, or the queue backed up from the signal.
During off-peak periods, the signals remain green
continuously.

Detectors are used in this application to measure
volumes and occupancy. which determines whether
there is congestion and, if so, activates the metering
system. Magnetometers are in place under the
upper (westbound) bridge deck which, together with
side-mounted infrared detectors, monitor traffic on
the approach as well as on thebridgeitself. Thelevel
of congestion defines the metering rate.

OTHER APPLICATIONS

Detectors are used for a number of applications
other than traffic detection at signalizedintersections
orfreeway control. These applicationsinclude speed
monitoring, traffic counting, vehicle classification,
and safety applications. Highly specialized applica-
tions, such as detection of vehicles at drive-through
fast food, retail, or banking facilities and gate con-
trol, are not addressed in this Handbook. These
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usages, per se, do not fall under the classification of
roadway traffic detection and are used primarily on
private property.

SPEED MONITORING

When 55 mph (88.5 kph) became the national speed
limit, a study was conducted to evaluate the equip-
ment available for use by the States to certify com-
pliance with this law (Ref. 6). Four different types of
sensors were analyzed: the loop detector, pneumatic
tubes, piezo-electric cable, and tapeswitches. This
study concluded that the loop detector was the best
alternative available. It was suggested that the
optimum characteristics of a detector unit for ve-
hicle speed measures were:

¢ Self tuning to reduce drift.

* Short response time from intercept to
output.

* High sensitivity without appreciable
time delay,

* Consistency of vehicle location at
beginning and end of detection, inde-
pendent of vehicle speed or length of
lead-in pahle -

LLAMTALL VW AQRUIT,

When using two loops to measure speed, the loops
should be large enough to sense high-body vehicles
and to provide a sharply defined wave front output
as the vehicle passes over the loop with as little time
difference as possible between different sizes of
vehicles. The loops should be spaced sufficiently far
apart so that any difference in the time of intercept
of the two loop detector circuits is small when com-

pared to the time of transit from the first loop to the
second loop.

A general rule of thumb that may be apphed states

that the height of the field to be intercepted by the

vehicle is two thirds the distance of its shorter
dimension. That is, a 6- x 6-ft (1.8- x 1.8-m) loop
would have intercepts of approximately 4 £t (1.2 m)
as would a 6- x 100-ft (1.8- x 30.5-m) loop. Both 5 ft
(1.5-m)} wide and 6 ft (1.8 m) wide loops have proven
effective. The choice depends on lane width, A
spacing of at least 2-1/2-ft (0.8-m) should be allowed
from the center line to the edge of the loop to avoid

actuation by traffic in adjacent lanes. In a 12-ft(3.6-
m) lane, the 6-ft (1.8-m) loop should be used to
ensure no counts are missed.

The spacing between loops for speed measurements
is often snecifiesd ac 16 {4 Qm Y hatwean tha lnading

A0 LELEA BpeLIIICR a5 40 I0ia. 7 [N OOVWEENI Lile 1eaaing
edges of two 6-ft (1.8-m) loops: The sensitivity of
both detector units must be set for the same value.
If this is not done, the point over the loops at which
the inductance change reaches the turn-on point
(i.e., the response time which is directly related to
the sensitivity of the detector) will vary — thereby,
introducing an error. In the late 1980’s, the attain-
ment of very fast response times at sensitivity levels
appropriate for roadway vehicles was made achiev-
able by new electronic component technology. A
typical loop placement for speed measurement is
diagrammed in Figure 55.

Center Line of Road _
T —6'— 33 — 6'—H

4 T { TT Direction

12' Lane 8 & —of—»
| L JL \ L i Travel

A ) A .

Edge of Pavement

«— 16" — >
Figure 55. Speed measuting loop placement.
TOO FAST WHEN FLASHING

Speed monitoring, as described above, may also be
applied on the freeway system. There can be a
considerable safety problem when the design speed
for certain curves is below that of other portions of
thefreeway. To lessen the accident potential at such
locations, a system of speed measurement, with a
flashing display to alert the driver of an unsafe
speed, can be used. That is, if it is determined that
a vehicle is traveling faster than the desired (safe)
speed, a flashing sign or signal would be activated to
advise the driver to reduce the speed of the vehicle

(Figure 56).

One system that was evaluated (Ref. 7) used loops
spaced 16 ft (4.8 m) apart to measure speed. A
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display was attached to a bridge structure down-
stream of the loop to alert the driver. If the vehicle
was detected traveling 62 mph (100kph) orless, only
the speed would be displayed. If the vehicle was
traveling faster, an additional message “SLOW
DOWN?” would be displayed along with the speed.
The study concluded that a speed detection system
can be effectively utilized.

Unfortunately, atone suchinstallation, drivers were
observed deliberately accelerating to see how high a
reading they could achieve on the speed sign. A
potential solution to this problem would be to dis-
play speed values only up to the existing speed limit.
Any speed above the limit would receive the message
“SLOWDOWN”or“YOU ARE EXCEEDINGSPEED
LIMIT.”

PREPARE TO STOP

In many instances, the geometrics of intersections
are such that the signal display cannot be seen in
time for drivers to react. In addition, there may be
sight-distance restrictions due to overhead obstruc-
tions such asbridges andlarge trees which cannotbe
removed. Intersections located on a downgrade may
increase the actual required stopping distance.

Another such situation may exist at vertical curves
that may hide the queue at a signal although not
obstructing the signalitself. Still another important
area of need is locations subject to dense ground fogs

e A\
SLOW DOWN

D WHEN D

FLASHING
\N 2

Figure 56. Unsafe speed sign.

that reduce signal visibility below normal mini-
mums,

Te alleviate these obviously dangerous situations,
additional information may be provided to thedriver
to assist in determining thebest course of action. To
modify driver behavior, the information should not
be limited to merely warning the driver of the exis-
tence of a signal.

A more appropriate response is to provide a change-
able message advance warning sign. This type of
warning sign could alter the information provided
based on whether the driver should slow or proceed.
The warning sign shown in Figure 57 is used to warn
approaching drivers that a hidden signal around a
curve is red and that they must stop.

The criteria used in developing this type of warning
system include:

* The sign should be mounted adjacent
totheroadway or overhead{atleast 17
ft (5.2 m) above the pavement). The
lettering should be at least 12 in (30
em) high with 12-in (300-mm) alter-
nating beacons.

* The legend should read “PREPARE
TO STOP WHEN FLASHING.”

Figure 57. PREPARE TO STOP sign.
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* The warning sign message and bea-
cons should begin to flash (50 to 60
times per minute) just prior to the
signal display of the yellow change
indication so that the driver will ob-
serve the signal display just after it
has turned yellow. The Last Car
Passage feature of some of the early
density controllers can be used for this
purpose.

* The sign should continue to flash ex-
cept whenthe approach signalisgreen.

With this system, additional control logic should be
provided that will ensure safety. That is the sign
must go to flash if the signal should fail, be in
conflict, or be placed in either a manual or red
flashing mode.

When warranted, the use of this type of flashing sign
has proved to be an effective solution to the problem
of rear-end accidents. When actuated in such a
manner that it provides the approaching drivers
with accurate information as to whether they will
have to stop for the signal, it is a beneficial addition
to the signal installation,

TRAFFIC COUNTING AND VEHICLE
. CLASSIFICATION

In recent years, loop detectors have been replacing
pneumatic tubes for counting vehicular traffic. As
the tubes are laid over the roadway, they are espe-
cially vulnerable to the wear and tear of passing
traffic. The buried loops provide a better means of
counting. Moreover, should the loop experience a
failure, all counting would stop; whereas the tube
tends to distort counts prior to failure. Another
favorable aspect is that the loop detector will give
only a single output for most vehicles, regardless of
the number of axles, thus providing a more accurate
count.

In addition to conventional traffic counts, a growing -

number of computerized signal systems are using
loop detectors to provide volume data. The data
collected by the detectors are output directly to the
system computers which control signal timing
throughout the system.

Counts by Loop Detectors

When counts are to be made in multiple lanes, it is
not appropriate to extend a single loop across the
several lanes. If a second vehicle in a different lane
moves over part of a loop before the first vehicle has
left its part of the loop, only one continuous output
will be registered. This could lead to significant
undercounting.

When lane discipline is good (i.e., traffic stays in its
own lane), a separate loop should be placed in each
lane. However, when lane discipline is not very good
(i.e., traffic is continually changing lanes), an addi-
tional loop should be placed between the lanes as
shown in Figure 58. Ideally, the loops should be
placed according to the following constraints:

* The widest vehicle will not straddle
more than two loops.

* The narrowest vehicle will not pass
between any two loops.

* Two side-by-side vehicles must cross
three loops.

Figure 58 depicts the three loop layout for a two lane
recadway. The logic that would be inserted into the
logic model is described as follows (Ref. 8): The
operation of loops A or B or C produces one count
immmediately. Operation ofloop A and C together or
A, B, and Ctogether produces one count and a second
count after a short delay. Basically, the operation of
single loops or adjacent pairs (A and B, or B and C)
produces only one count, but the operation of A and
C together produces the first count followed by a
second count a short time later.

5
Jt—

[]A
- P - - - -
[ e

Figure 58. Three loop layout for counts,
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Counts Using Long Loops

One manufacturer has introduced a detector which
will provide normal detector operation with timing
functions (if desired) and will also provide a secon-
dary cutput of one pulse per vehicle in a single long
Ioop or in a series of sequentlal short loops. Count
accuracy for a single loop of any size is claimed tobe
greater than 95 percent. Accuracy for the four loops
in series is lower because this conﬁguration pres-
ents avery complex ana1y51s proméﬁ which reduces
the count accuracy. This capability may prove to be
a major development in Joop detector technology.

Directional Detection

When it becomes necessary to distinguish between
the direction of travel (such as where two directions
of traffic must use the same area of roadwayasona
reversible lane), two loops, two detector channels
and a “directional logic” can be used (see Figure 59).
With this system, separate counts will be obtained
according to the direction of travel. An alternative
is to activate the appropriate loops by time-of-day
along with the reversible lane control signal.

—5'—
Direction of
Travel
" -~
6"
- = == == = = = = =
> 5"
W— 5"

Several manufacturers and State agencies have
sought to develop a durable and cost effective loop
that would satisfy the needs of speed monitoring,
vehicle counting, vehicle classification and portable
Weigh-in-Motion (WIM) programs. Two types of
temporary and/or portable loop systems are described
below.

Mat-Type Loops

This type of temporary loop consists of a durable
rubber mat into which a multiple turn loop hasbeen
embedded. The mats are usually smaller in width
than the typical loop installation. Standard sizes
vary, ranging from 4 x 6t (1.2x 1.8 m) to 3x 6 {t (0.9
x 1.8 m). The mats are positioned in the center of the
traffic lane with the longer dimension parallel to the
flow of traffic so that most traffic will straddle the

+1.
mat, thereby extending the life of the mat. A typical

ingtallation is shown in Figure 60. Nails and wash-
ers are typically used to secure the mat to the road
surface. A wide, (3-in (7.6-cm)) heavy duty adhesive
tape is used to prevent the edges of the mat from
lifting. The lead-in wires from the mat to the data
collection equipment at the roadside is encased
between two layers of tape.

///'
=

7/

<2

Data Collection
Equipment

Figure 80. Typical mat type loop detector,

Some agencies have produced this type of system in

their own buup However, hauu—producmg these
mats was found to be too labor intensive to be cost-
effective. The mats were reliable, but with heavy
truck traffic, some of the mats did not last more than
a few hours.

Open Loop Configuration

One manufacturer produces a preformed temporary
portable loop thatis 4 x 6 ft (1.2 x 1.8 m). The loop
is sandwiched with five components. On thebottom,
there is a 4-in (101.6-mm) wide paper release sheet
to protect the 2—in (50.8-mm) wide strip of adhesive
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bituminous rubber compound. Its upper surface is
finished with a high-density polyethylene film. This
padding strip is the bed for three turns of #22 AWG
loop wire. Anidentical 2-in (50.8-mm) padding strip
covers the loop wires. The top layeris a 4-in (101.6-
mm) wide strip of adhesive bituminous compound
reinforced with an overlay of woven polypropylene
mesh. This coneept is illustrated in Figure 61.

Figure 61. Open loop temporary detector.

The preformed, open loop configuration can be trans-
ported to the selected location and installed by one
man in a few minutes. The bottom backing is
removed and the loop is positioned on the roadway
with sufficient pressure to ensure adhesion. Five
feet of protected lead-in wire is standard. Omen-
sions and protected lead-in lengths are available.

Another approach to the openloop configuration has
been developed by the Special Study Section of the
Nevada Department of Transportation (Ref. 9). The
Nevada DOT previously used a 6-x 6-ft (1.8-x 1.8-m)
portable loop constructed of three turns of #14 gauge
stranded copper wire wrapped with black duct tape.
Problems with durability and maintenance became
very time consuming as the use of the portable loops
increased. This led to the testing of a variety of

materials to replace the duct tape covering of the
original loops, such as several types of tape, rubber
tubing, and a rubber mat material.

The material finally chosen was a bitumen tape
manufactured by Polyguard Products. Itis a fabric-
reinforced rubber-like material with one adhesive
side. Thefinal configuration consists of four turns of
#14 AWG copper wire, wound in the shop, and taped
together for eagy handling The loops are encased in
two wrapsofthe polyguard material and installed as
shown in Figure 62.

A number of tests were conducted to test the dura-
bility and accuracy of the loops as compared with
conventional loops installed in saw cut slots. Other
tests compared the 4- x 6-ft (1.2- x 1.8-m) configura-
tion to the 6- x 6-ft (1.8- x 1.8-m) configuration. The
test loops were installed on a rural two lane FAP
roadway with a high percent of multiple unit trucks.
Both series of tests used the same counter/classifier
recorder,

After almost 5,000 actuations, it was found that
there was less than 1 percent difference in the
number of vehicles counted by this type of portable
loop as compared to the saw-cut installed loop. It
was also found that the 4- x 6-ft (1.2- x 1.8-m) loop

—f
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Figure 62. Portable loop installation.
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size performed virtually the same as the 6- x 6-ft
(1.8-x 1.8-m) size whether the loop was in a saw-cut
or in the portable form.

A product durability test was conducted for over a

. A ofF "
year and after over a million activations, the port-

able loops are still functioning. The test, conducted
on U.8. 395 between Reno and Carson City, Nevada,
has shown the loops to be extremely durable and
capable of withstanding a wide range of weather
conditions. It should be noted that the roadway at
this location has an asphalt surface and, after sev-
eral months, the loops became embedded in the
pavement, which may have contributed to their
longevity. On a concrete surface, these loops are
expected to last well past one-half million activa-
tions. The loops have also been used with overlays
and were able to withstand the heat involved in this
process.

Also of note is that these loops were tested in a semi-
permanent situation and were not subjected to re-
peated removals and reinstallations which may also
have affected their longevity. However, other loops
of the same type have been repeatedly installed
without sign of undue wear. As aresult ofthese tests
and the experience with these loops, the Nevada

DOT is now using the polyguard loop in all of their’

portable loop installations.

Vehicle Classification Devices

As pari of the traffic countmg process, many agen-
cies wish to obtain vehicle counts by class of vehicle.
There are several vehicle classifications counters
commercially availabie. Most of these devices use
loops and axle detectors to obtain the information
required to classify vehicles. :

One relatively new product that is capable of count-
ing and classifying vehicles also monitors and re-
ports weather conditions. The road unit of this
system consists of an electronic sensor, ahigh-speed
microcomputer and a weather monitor to measure
surface temperature, wet or dry pavements, and
visibility. The electronic sensor operates by detect-
ing small disturbances in the energy field which are
then processed by the high-speed microcomputer.
As the vehicle passes over or near the road unit, a
real-time record is made of the vehicle’s profile
throughout its entire length. When the vehicle is

detected, a count is made and speed is calculated.
Knowing the speed, the computer then calculates
the length in determining the class of vehicle.

When the device is removed from the roadway, data
from the unit is optically transferred to a Interroga-
tor-Programmer (IP) which can store 32 bytes of
data. After the data are retrieved from the road unit,
the data may be transferred to a printer, to a PC
computer or over a telephone modem to the central

1NN

office (Ref. 10},

PEDESTRIAN DETECTORS

The applications described above all involve the
detection of various types of vehicles. However,
properly timed actuated signal control also requires
the detection of pedestrians. Unlike vehicles, pedes-
trians do not change magnetic fields or cause induc-
tive variations. Moreover, pedestrians cannot be
depended on to follow a specific path toward their
intended direction of travel, nor can they be expected
to take a speciﬁc acticn to make their presence

known to the Slgndl controller.

The push-button detector is the most common form
of detection used for pedestrians (see Figure 63).
The detector is actuated by a pedestrian pushing the
button which causes a contact (microswitch) closure.

Figure 63. Passive pedestrian push button.
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This closure allows a low-voltage current to flow to
the controller to register a “demand” for pedestrian
service. :

The weak link in the pedestrian push-button system
is the pedestrian. The pedestrian push-button re-
quires a specific action to be taken to register a
demand. Unfortunately, many pedestrians do not
make the necessary effort and, in those cases, are
likely to cross the intersection illegally and/or un-
safely.

Many pedestrians do not realize that pushing the
button will extend their green time as well as serv-
icing their needs faster. Where two buttons for
crossing in different directions are located on the
same support, care must be takento clearly indicate
the button’s relationship to each crosswalk. Al-
though the Manual of Uniform Traffic Control
Devices (MUTCD) specifies a series of standard
signs for use with pedestrian push-button devices,
many agencies augment these standard signs with
additional instructional signs.

Active pedestrian push buttons have been used in
the past and are common in Europe. These devices
provide a response when activated by turning on a
small light (usually green) or illuminating a small
sign that flashes the message “WAIT PLEASE” or
“WAIT FOR WALK.” An example from England is
shown in Figure 64. Such a response is a confirma-
tionof the pedestrian’s call for service similar to that
of an elevator button. When used, this type of
pedestrian pushbutton appears to alleviate pedes-
trian anxiety and promotes understanding of the
pedestrian phasing of the traffic signal.

When push buttons are used by visually impaired
pedestrians, some type of guiding device can be used
to enable the pedestrian to locate the button. Tex-
turingthe concrete on the sidewalk approaching the
push-button, audible locators, or handrails can be
used for this purpose. Audible signals are some-

times used at suchlocations, with distinctive sounds

(e.g., bird calls) for each walk indication.

Figure 64. Active pedestrian push button.

Recent developments in microwave technology indi-
cate that an effective presence detector for pedestri-
ans may be viable. A sensor using this technology is
installed overhead or in a sidefire position and is
designed to detect the continuous presence of an
object (i.e., a pedestrian) within its detection field.

Pressure mats similar to those used in automatic
doors have been used in some locations to detect
pedestrians. These mats are installed on the side-
walk near the end of the crosswalk in the path of
approaching pedestrians. When a pedestrian steps
on the mat, a continuous contact switch is closed
relaying the pedestrian call to the controller unit.
The mats are non-directional; consequently, if a
pedestrian exiting the crosswalk steps on the mat,
an undesired false call will be registered. A guide
rail system can be used to alleviate this problem.
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4, DETECTOR DESIGN

This chapter will focus on design considerations in
terms of detector size, shape, and location for vari-
ous applications and configurations. It is intended
to provide guidelines for traffic engineers involved
in developing plans and specifications that include
detection for local intersections, traffic signal sys-
tems, and freeway surveillance and control systems.
Although the primary emphasis is placed on induc-
tive loops as they are the predominant type of detec-
tors in use today, magnetometer and magnetic de-
tectors will also be addressed.

The first step in the design process is to determine
the type of detector suited for the purpose at hand.
Some agencies have predetermined policies or stan-
dard plans. These standards have been developed
based on various selection criteria. Unfortunately,
many of these standard plans have not beenupdated
to reflect recentimprovements intechnology. Where
standard plans are not requisite, or are not avail-
able, the following criteria may be used as a guide-
line for selecting the type of detector.

SELECTION CRITERIA

The decision as to whether a particular detector is
appropriate for a specific purpose depends on its
operational characteristics, its adaptability to the
particular application, the location-specific details
of the installation requirements, and the acceptabil-
ity of the maintenance burden it will impose. Each
of these criteria, separately and in combination,
should be carefully examined and evaluated in this
decision process.

SELECTION BASED ON OPERATIONS

The operating theory and concepts as described in
Chapter 2 indicate that the three principal types of
. detectors(loop, magnetic, and magnetometer detec-
tors) are inherently unsuitable for certain applica-
tions. For example, magnetometers cannot be used

with NEMA controllers where delayed-call capabil-
ity is required, since this feature is not available in
magnetometers. (Note: In Type 170 controllers,
timing is done by the controller, therefore, magne-
tometers can be used.}) Magnetic detectors must be
excluded from consideration for operations requir-
ing presence detection because the magnetic detec-
tor is only capable of detecting a vehicle in motion
(passage detection).

Loop detectors are not always appropriate for some
uses in traffic signalization. For example, a design
that requires detection ofover-saturated flow and/or
long queues may not appropriately use long loops.
Loops are more applicable than other forms of detec-
tion for freeway surveillance and control where the
size of the field must be closely controlied and the
times required for output, pick-up, and drop-out
need to be predictable.

SELECTION BASED ON APPLICATION

The choice range of detectors for specific applica-
tionsis further narrowed by the practical uses of the
three major types of detectors. In theory, both the
loop detector and magnetometer are suitable for
large area detection on an approach to a signalized
intersection. The loop detector, however, is signifi-
cantly less expensive. Conversely, for an approach
where it is not important to screen out false cails for
the green (i.e. right turns onred) and only rudimen-
tary traffic detection is adequate, any of the three
may be installed, but the magnetic detector mightbe
chosen first for its ruggedness and low cost/useful
life ratio.

SELECTION BASED ON INSTALLATION

In the 1960-70s, it was commmon for large cities such
as New York or Atlanta to select radar or ultrasonic
detectors because they could be installed on a suit-
able pole already in place and not disrupt traffic or
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break the pavement. A erew could install one of
these in about 45 minutes. Although these particu-
lar typeshavefallen into disuse, ease of installation
is nolessimportant. However, recént developments
in electronics have encouraged a new interest in
above ground detectors.

Today, users are more alert to the possibility of
eliminating a saw cut or by replacing it with a drilled
hole. The problem with deteriorating pavements
has produced more interest in installing preformed
loops, microloops, or pavement slabs with detectors
in place. Another technique is the placement of
preformed loops or prewound loops in conjunction
with repaving. Chapter 7 details some of the new
approaches to simplifying installation and new
detectors that do not disturb the pavement.

SELECTION BASED ON MAINTENANCE

Most traffic engineering agencies are aware of the
cost differences in maintaining various forms of
detectors (See Chapter 6). For example, the mag-
netic detector, with its limited application, has
managed to retain some popularity largely because
of its ruggedness and long life with minimum main-
tenance. The advances in loop detector electronic
units have resulted in improved reliability to the
point where the loop sensor (the wire loop in the
pavement) and problems with its installation re-
main the primary sources of failure. The thrust
toward more rugged loop detector installations is
testimony to the need to reduce maintenance costs
interms offrequency of failures and resulting main-
tenance calls.

DESIGN CONSIDERATIONS

The type of timing intervals of the intersection
controller have an explicit relationship to the detec-
tion techniques employed and should be selected
earlyinthedesign process. The following discussion
isintended to provide a general structure and back-
ground for subsequent chapters. Specifically, it
defines the various timing parameters, the effect of

“short loop and long loop configurations, and the
detection alternatives for low-speed and high-speed
approaches.

TIMING PARAMETERS

Normally, in an actuated phase, there are three
timing parameters in addition to the yellow change
and all-red clearance intervals. These are the mini-
mum green (also known as initial interval), the
passage time (also called the vehicle interval, exten-
sion interval, or unit extension), and the maximum
interval (Ref. 4). The relationships among these
intervals is shown in Figure 65. Theseintervals are
timed as a function of the type and configuration of
the intersection’s detector installation.

Total Green Period

Minimum
Green Period  Extension Period

il F -

12}
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e

w

=

©

N

I:: -
Time
Legend

} Detector actuation on phase with right-of-way
(®  Detector actuation on a conflicting phase
E& Unexpired portions of vehicle intervals

Figure 85. Actuated controller intervals.

Minimum Green Interval

In the early stages of detector technology, most
detectors were “point” detectors and consisted of
treadles or pressure plates in the roadway. Today’s
6- x 6-ft (1.8- x 1.8-m) loop detector is also a form of
point detector. When point detection is used, the
minimum green interval is established to allow
vehicles stopped between the detection point and the
stop line to get started and move into the intersec-
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tion. Table 10 shows the minimum green interval
forvarious distancesfrom the stop line. The data are
based on an average vehicle headway distance of 20
ft (6 m) and the average times for vehicles from a
queue to enter the intersection.

Table 10. Minimum green vs distance.

Distance Between Minimum
Stop Line and Detector Green
Feet Meters Seconds
Gto 40 0to12.2 8
41 to 60 12510 18.3 10
6110 80 18.6tc24.4 12
81 to 100 24.7t0 30.5 14
101 to 120 30.8 to 36.8 16

A different timing approach is used to establish
minimum green intervals for presence detection,
Whenlongloops (or a series of shortloops) which end
at the stop line are used, the initial interval is set as
low as zero seconds for “snappy” response for left-
turn phases or possibly longer for through move-
ments where driver expectancies may befor alonger
green. If the loop ends some distance from the stop
line, this distance is used to calculate the interval
time in the same way as for point detection.

Passage Time Interval

The passage time interval is timed to permit a
vehicle to travel from the detector to the inter-
section. Thisis particularly important where point
detectors are used and are located some distance
from the stop line. The passage time also definesthe
maximum apparent time gap between vehicle ac-
tuations that can occur without losing the green
indication to a call waiting. As long as the interval
between vehicle actuations is shorter than the pas-
sage time, the green will be retained on that phase
(subject to the maximum interval described in the

oy | g -
following section).

The apparent time gap in a single stream of vehicles
passing over a loop detector is somewhat shorter
than the actual time gap. A vehicle activates the
loop upon entry over the loop and the loop does not
deactivate until the vehicleleaves the loop. Thetrue
time gap is reduced by the time it takes the vehicle
to traverse the loop.

Another factor to be considered in determining an
appropriate vehicle interval is the number of ap-
proach lanes containing detectors. Detectors for the
same phase and function installed in adjacent lanes
are often connected to the detector amplifier by
means of a single lead-in cable. This may present a
distorted representation.

Current NEMA controllers {(identified as “Advanced
Design,” “Exceeds,” or “Beyond” NEMA Controllers)

fand .Y

have a pfedeﬁned mMIinimuin green
further actuations occur, the minimum green is the
total green. If, on the other hand, there are further
actuations, the passage time interval extends the
green until a gap exceeds the passage time or the
maximum green time is reached. The relationship of
these elements was shown previously in Figure 65.

4
time. If no

When long loops are used in approaches, especially
when used inleft turn bays, the minimum green and
the passage time intervals are generally set to zero
or near zero. The long loop operates in the presence
mode and the controller continuously extends the
green aslong as theloopisoccupied. The criticalgap
is not a preset value, but is an equivalent space gap
equal to the length of the loop. In other words, no
following vehicle has entered the loop prior to the
departure of the previous vehicle.

When a series of short loops is used, the series acts
as a single long loop, provided that the space be-
tweenloopsis less than the length of a vehicle. Ifthe
spacing is greater than the length of a vehicle, a
short vehicle interval can be used to provide the
same effect as a single long loop.

Maximum Green Interval

The maximum greeninterval limits the time a phase
can hold the green. The maximum green begins
timing at the first call received from an opposing (or
conflicting) phase. Ordinarily, maximum intervals
for through movements are set between 30 and 60
seconds. When the signal is properly timed with
appropriately short passage times (vehicle inter-
vals), the maximum interval will not consistently
time out unless the intersection is badly overloaded.
Some actuated controllers are capable of providing
two maximum intervals per phase. This allows
longer maximums to be used during peak periods (or
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shorter maximums for selected phases) when very
heavy traffic flows are expected on the major street.

Volume Density Mode

Volume density phases have more timing parame-
ters than are used in the standard actuated phase.
For this type of operation, detectors are generally
placed further back from the intersection, particu-
larly on high-speed approaches. The value of the
minimum green interval, as described above, can be
increased to provide longer initial green times for
those instances when the minimum green is not
adequate to serve the actual traffic present. The
variable initial is governed by three settings—the
Minimum Green, Seconds per Actuation, and Maxi-
mum Initial. The procedure is illustrated in Figure
66. This variable initial interval is provided as
defined in the NEMA Standards (Ref. 1) summa-

rized below,

“In addition to MINIMUM GREEN, PAS-
SAGE TIME, and MAXIMUM GREEN
timing functions, phases provided with
VOLUME DENSITY operation shallinclude
VARIABLE INITIAL timings and GAP
REDUCTION timings. The effect on the
INITIAL timing shall be to increase the
timing in a manner dependent upon the
number of vehicle actuations stored on this
phase while its signal is displaying YEL-
LOW or RED. The effect on the extensible

portion shall be to reduce the allowable gap

SERINE DLLILE T P T ULLSLE LI Ll UL LAY

between successive vehicle actuattons by
decreasing the extension time in @ manner
dependent upon the time waiting of vehicles
on an opposing RED phasge.”

In volume-density phases, the extended green time
(passage time) created by each new actuation after
the initial green time has elapsed is normally set
based on the time required to travel from the detec-
tor to the stop line. Because this distance can be
relatively long, the passage time can be more than
the desired allowable gap. The NEMA gap reduction

procedure mentioned above consists of four time

settings—Time before Reduction, Passage Time,
Minimum Gap, and Time to Reduce. The time before
reduction begins when thereis a call on a conflicting

Maximum Initial

Added Initial Range

Initial Timing, seconds

Beginning of Green ~am

AA A AA A A A A AN A

Vehicle Actuations on Yellow or Red

Figure 66. Variable initial NEMA timing,

phase. Once the time before reduction has expired,

the allowable gap reduces on a linear scale until the -

minimum gap is reached at the end of the time-to-
reduce interval. The process is portrayed in Figure
67. The maximum green extension, as well as the
yellow change and all-red clearance intervals, are
predetermined (precalculated) and set on the con-
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Figure 67. NEMA gap reduction process.
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LOW SPEED APPROACHES

Approaches with speeds ofless than 35 mph (55 kph)
are considered low-speed approaches. The detector
design for a given approach depends on whether the
controller phase has been set for “locking” or “non-
locking” detection memory. (This is also referred to
as “memory ON” or “memory OFF”). The locking
feature means that a vehicle call for the green is
remembered or held by the controller until the call
has been satisfied by the display of the greenindica-
tion, evenif the calling vehicle has left the detection
area(e.g. right turnonred). Inthe nonlocking mode,
awaiting callis dropped (or forgotten) by the control-
ler as socn as the vehicle leaves the detection area.

Locking Memory with Point Detection

Locking detection memory is associated with the use
of small-area (“point”) detectors such as a 6- x 6-ft
{1.8- x 1.8-m) loop and is frequently referred to as
“conventional control.,” The minimum green inter-
_ val (or initial interval) is preset to provide sufficient
" time to clear a standing queue between the detector
and the stopline. The passagetimeorunitextension
fixes both the allowable gap (to hold the green), and
the travel time from detector to stop line, at one
common value.

The allowable gap is usually 3 or 4 seconds. This
indicates that the detector might be ideally located
3 or 4 seconds of travel time back from the intersec-
tion. This detector position would appear to be the
most efficient for accurately timing the end of green
after passage ofthe last vehicle of a quene, However,
a long minimum green (assured green) is created at
approaches with speeds higher than 25 to 30 mph
(40 to 50 kph) because of the longer detector setback.
Therefore, the principle is amended to locate detec-
tors 3 to 4 seconds of travel time, but not more than
1701t (52 m), from the stop line. Some agencieslimit
this distance to 120 ft (37 m). Applying this prin-
ciple, the detector location and the associated timing
parameters as a function of speed are presented in
Table 11,

The advantage of this single detector approach is
that the cost of installation is minimized. However,
" thistype of controlis incapable of screening out false
calls for green such as would occur with right turns
on red.

Table 11. Detector location and timing parameters.

Detector Set-Back -

Approach Stop Line to Leading Minimum | Passage
Speed Edge of Loop Grean Time
mph | kph Feet Meters | Seconds | Seconds

15 24 40 12 9 3.0
20 32 60 18 11 3.0
25 40 80 24 12 3.0
30 48 100 30 13 3.5
35 56 135 41 14 35
40 64 170 52 16 35

Volume Density or Muitiple Detectors
45+ | 72+ Recommended

Note: Volume density could be considered at speeds of
35 mph (56 kph) or above

Nonlocking Memory with Presence
Detection

Nonlocking detection memory is associated with the
use of large area detectors such as a 6- x 50-ft (1.8-
x 15.2-m) loop. This scheme is often called “loop-
occupancy control” (Figure 68). By providing infor-

100°

X2

75 ¢

[«—— 100 —»]

Figure 68. Loop occupancy control.
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mation on the presence of vehicles in the detection
area, many of the false calls for green can be sereened
out, thus avoiding the display of an unnecessary
green indication to an approach with no waiting
vehicles. The disadvantage of this configuration is
the higher initial cost of ingtallation and the higher

replacement cost when maintaining large area de-
tectors.

The use of nonlocking detection memory is particu-
larly appropriate for use in left-turn lanes with
separate signal control for the left turns. The green
arrow is terminated as soon as the loop is cleared by
the turning vehicle. Inaddition, a call placed during
the yellow changeinterval by a vehicle that clears on
the yellow does not bring back the green to anempty
approach. Another potential advantage is gained
when the left turn is permitted; that is, the left turn
is allowed to filter across oncoming traffic on the
circular green shown to the through movement. In
this case, left turns may be serviced during the
through phase and, therefore, do not require the
display of a left arrow.

The left turn bay may use a delayed-call detector
which is designed to output to the controller only if
a vehicle is continuously detected beyond a preset
period (say, 5 seconds). This allows the detector and
controller to ignore vehicles that are in transit over
the loop if oncoming traffic is light enough to allow
aleft turn without the protective left-turn arrow. If
oncoming traffic is so heavy that left turning ve-

hicles queue up over the loop, then the green arrow
Wn!'l]{] be ealled. Thistvne nfonaration ic offan neeﬂ
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with lagging left-turn phasmg

A similar operation occurs on a single lane approach
from the cross street where a right-turning vehicle
approaches on the red. Again, the use of a delayed
call detector will avoid calling the green to the side
street ifthe right turn on red can be made during the
delay time set on the detector.

Loop-occupaney controlis also oftenused for through
lane control on low-speed approaches. The tech-
nique minimizes delay by allowing the use of short
passage times (unit extensions) in the range of 0 to
Tha lanath aft+ha datartinn wana aheris

The length of the detection zone obvi-
ously depends on the approach speed and the con-
" troller unit time settings. For approach speeds
under 30 mph (560 kph), Figure 69 indicates the
length of the long-loop presence detector for various

1'5 unr-n'nr]e
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Figure 69. Detector length for loop occupancy control.

passage time settings onthe controller. The chart is
based on a desired allowable gap of 3 seconds and an

average vehicle length of 18 ft (5.5 m). The formula

is:
L=147V(3-P;)-18 (64)
L=0277V (@3 -P)-55 (in metric)
where:
L = Length of detection area, ft (m)
V = Approach speed, mph (kph)
P; = Passage time (unit extension),
secs
HIGH-SPEED APPROACHES

Approaches with speedsin excess of 35 mph (56 kph)
are considered high-speed approaches. There are a
number of problems associated with these high-
speed approaches that require careful considera-
tion. At these speeds, it may be difficult for the
driver to decide whether to stop or proceed when

approaching a yellow change 1nd1cat10n An abrupt

stop may result in a rear-end collision, while the

decision to proceed through the intersection may
cause a right-angle accident or a traffic violation.
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That portion of the roadway in advance of the inter-
section within which the driver is indecisive (as to
stopping or proceeding into and through the inter-
section at the onset of the yellow change interval) is
called the “dilemma zone.” Some researchers (Refs

il ana 14} nave (181'11180. ]L;fle ulleﬁ'li-ﬂa Zone as Ll’.ld.l:
area of the approach between a point where 90
percent of the drivers will stop on yellow and a point
where 90 percent of the drivers will go (i.e., 10

percent will stop).

Table 12 shows these boundaries for various speeds.
Figure 70 illustrates a typical dilemma zone. To
minimize the untimely display of yellow (and thus
the creation of a dilemma zone problem), a number
of techniques have been devised for controllers with
locking and nonlocking detection memory, basic
actuated and volume-density controller circuitry,

and various detector configurations.

Table 12. Dilemma zone boundaries.

Approach Distances from Intersection for
Speed Probabilities of Stopping
' Feet Meters
mph kph 90 % 10 % 80 % 10 %
35 56 254 102 77 31
40 64 284 122 87 37
45 72 327 162 100 46
50 80 as3 172 108 52
55 88 386 234 118 71

The most straightforward conventional design for a

A AL LIV OV aPvA SR Lpddiais s SAR LIV O AWV i8R IS S5 ee A2

high-speed approach uses a controller w1th a vol-
ume-density mede. This type of actuated operation
can count waiting vehicles beyond the first because
of the “added initial” feature. It also has a timing
adjustment to reduce the allowable gap based onthe
time vehicles have waJted on the redona conﬂ1ct1ng
phase.

More efficient operation can be achieved with this
controller mode than is possible with the normal
full-actuated control because of these features and
because detectionis farther back onthe approach—400
ft(120'm)is typical. This approach detection is often

ouyylcxuwuucu O a aulllg GevelvOT IICar uUle S0P a1lle

which operates only when the phaseisred or yellow.

/ - This calling detector is disabled when the signal

turns green so that it cannot extend the green time
inappropriately.

N

284

< 162 ——pe— 122"

Figure 70. Typical dilemma zone.

Full-actuated controllers have beenused for anumber
of years (since at least 1982) with an extended-call
detector just upstream of the dilemma zone. De-
signs for high-speed approaches using nonlocking
detection memory include alongloop at the stop line
as well as one or more small loops upstream. The
long loop improves the controller’'s knowledge of
traffic at the stop line, but tends to increase the
allowable gap.

Detector designs for both normal full-actuated and
volume-density controllers have been developed. A
more definitive discussion of these designs and of
solutions to the dilemma zone problem is presented
later in this chapter.

Rural High-Speed Roadways

For isolated high-speed rural intersections, an ex-
tinguishable message sign, “PREPARE TO STOP,”
is frequently used when the signal site experiences
periods of poor visibility caused by dense ground fog

or by the orientation of the sun. These signsare also

used where the geometry is such that the signal is
not visible far enough in advance to ensure safety.
For this situation, vehicle detectors are located fur-
ther in advance of the intersection than normal.
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Using the “last car passage” feature of some density
controllers, the gap in the traffic flow can be identi-
fied to allow the last ear in the platoon to go through
the signal and presumably give the next vehicle
sufficient time to stop. The sign (Figure 71) would
flash “Prepare to Stop” at the appropriate time, but
would be blank or unreadable at other times.

Essentially, the controller picks up a gap in the
traffic, but does not change the signal until a preset
time has elapsed to allow the last car to clear the
intersection. The “Prepare to Stop” is illuminated
when the gap is selected, so that the next vehicle
following the platoon will see the sign. Thus, the
driver will know he will be required to stop even
though the signal ahead is still green. A typieal
layout for a similar installation or application is
shown in Figure 72. '

Figure 71. "PREPARE TO STOP” sign.
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Figure 72. Prepare to Stop detection system.

A simple display is used by some jurisdictions. They
use flashing beacons together with a diamond or
rectangular sign with the message “PREPARE TO
STOP WHEN FLASHING”

REST-IN-RED SPEED CONTROL

Frequently, the commuting driver will use regidential
roadways as alegitimate time-saving route for reach-
ing destinations particularly when the residential
street is parallel to congested arterial streets. This
through traffic in residential areas is generally
perceived by residents as a threat to the safety of
children and pets, particularly where speedingis a
problem.

1al arsac traffie
ALWACAE C4L qu, WAL CALARN,

engineers have used a variety of traffic control
devices such as stop signs, warning signs, speed
bumps, and coordinated traffic signals with vigor-
ous enforcement of posted speed limits. While these
measures are often successful, there are drawbacks
associated with their use.

To control traffic g

8 WAsiiuvi Vi ovadiina

For example, the use of unwarranted stop signs to
control vehicular speeds imposes delay penalties on
all drivers and it only affects speeds within 2001t (60
m) of the stop sign. Unwarranted stop signs may .
also encourage drivers toignore the stop sign, which
i3 even more dangerous.
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One approach to the problem ofhigh speed trafficis
to install two speed measuring loop detectors ap-
proximately 180 ft (54 m)in advance of the intersec-
tion. These advance loops measure the speed (or,
more accurately, the elapsed time between loops) of
an approaching vehicle and register a call on the
controller only if the vehicle is traveling at or below
the speed limit. Assuming the signal is resting in
four-way red, and if the vehicle is not speeding, a
green is displayed and the driver may proceed

T+ + +3 writhnt hai Towad TP
thTGdgu the intersection without OELNE uEJ&y ea. 1I,

ontheotherhand, the approaching vehicle is exceed-
ing the speed limit, no call is placed and the driver
must slow down until he reaches a loop near the
intersection. A call willthen be placed and the green
interval activated.

With this system, a vehicle crossing the first ad-
vance loop starts a timing device and a call is
initiated. If the vehicle speed is low enough, the
predetermined interval will time out before the
vehicle reaches the second loop. Then the call will be
passed ontothe controller. When thevehiclereaches
the second loop, the timing device is reset, and any

-call being held at the timing device is cancelled.
Thus, a vehicle exceeding the speed limit is never
detected by the advance loop, and each succeeding
vehicle is timed independently. This method is
simple, econemical, adjustable, and not dependent
on vehicle gize or length.

The spacing between the initiating and resetting
advance loops is approximately 1 second of travel
distance at the speed limit. The distance from the
advanced loop to the first intersection loop is prede-
termined from the lowest travel speed to be accom-
modated (normally 20 mph (32 kph)), and the maxi-

mum desirable passage time interval (4 seconds)

P LI S,

1ne mlmmum distance II'OIH a Sl'.Op une to Ene au-
vance detector loop is determined by a comfortable
reaction time and the stoppmg distance at the de-
sign speed.

L.OOP DETECTOR DESIGN
ALTERNATIVES

~71In this general discussion, detector design will be

described first in terms of “small area” (for point or
passage detection) and then in terms of “large area”

(for area or presence detection). Inductiveloops can
be applied in either case. Magnetic detectors can
only be used for point detection because they covera
small area and require vehicle motion (passage) to
activate the system. Magnetometers are basically
point detectors, but can be used as area detectors by
using multiple sensors to cover a larger detection
area.

Typical design conﬁgurations for detector locations
in through lanes and in left turn lanes are also
presented. Both simple and complex designs are
described along with the type of controller opera-
tion, if appropriate. Treatments to alleviate the

“dilemma zone” problem are also discussed.

SMALL AREA DETECTION

Small area detection usually consists of a single
short loop. Although the literature defines short
loops as being up to 20 ft (6.1 m) in length, by far the
most common short loop application is the 6- x 6-ft
(1.8- x 1.8-m) loop in a 12-ft (3.6-m) lane. For
uarfowenaneb 5-x5-foot (1.5-x1.5- m) 1001‘)5 should
be used to avo1d adjacent lane pickup (splashover).
Smaller loops are not recommended in areas where

high bed vehicles must be continuously detected.

The short loop is intended to detect a vehicle up-
stream of the stop line. When a vehicle passes over
the detector loop, a call is cutput to the controller.
Timing of the green interval is commonly based on
preset controller settings, not hv the ]pnuﬂ'\ of time

the detectionareais occupled by vehmles approach-
ing the intersection. In most cases, the controller
operates with locking detection memory circuits to
insure calling the appropriate phase.

Shortloop detectors maybe usedin avariety of ways
and may be located at varying distances from the
stopline depending onthe operational requirements,
A typical application may consist of one or more
short loops near the stop line on the actuated ap-
proach of a low speed intersection. Another typical
application is to space a number of these loops well

back of the stop line to act as extension detectors for
hichar eneed annroaches

LAipmiatsa DTN QAR pra wEAWAR D

The shape of the loop in the roadway has been the
subject of a great deal of research during the 1970’s
and 1980’s. The desire to detect all forms of vehicles,
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from bicyeles and motorcycles to high-bed trailer
trucks, while avoiding detection of vehicles in adja-
cent lanes has led to a proliferation of loop designs.
Each design purports to have advantages over other
designs, Examples of various short loop shapes are
shown in Figure 73. Some of these configurations
are in common use, while others have been devel-
oped specifically for either a site-specific location or
to detect a particular range of vehicles,
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Figure 73. Small loop shapes.

A number of agencies and universities have con-
ducted tests to determine an optimum loop shape
(e.g., Refs. 13, 14, 15). Typically, these projects
involved installing several different loop shapes
then testing and comparing the sensitivity of the
loops in detecting several types of test vehicles.
None of these projects tested all of the loop designs
currently in use. In some cases, one loop design

would test better when compared to one or two
different loop designs. In mostinstances, the differ-
ence in sensitivity among leops was not significant,
given the state of the artin detector electronic units.
It is therefore difficult to cite one particular design
as superior to all others. However, it is generally
accepted that some loop designs are better suited
than others for detecting small vehicles or high-bed
trucks as discussed in later sections.

Many States specify the acceptable loop shapestobe
used within their jurisdiction. An example of one
State’s (California’s) specified shapes is shown in
Figure 74. In this particular example, each unique
shape is given a letter designation (i.e., Type Aisa
typical 6- x 6-ft (1.8- x 1.8-m) loop, etc.).

LARGE AREA DETECTION

Large area detection normally consists of a detection
zone covering an area of at least 20 ft (6 m) or more
inatrafficlane. Itis primarily presence detectionin
that it registers the presence of a vehicle as long as
the detector zone is occapieu This concepu 01‘151.—
nally utilized a single loop encompassing the entire
detection zone, However, the long loop, as a single
entity, is being supplanted by a sequence of short
loops which emulate the long loop. In this Hand-
book, “long loop” is intended to mean either a single
long loop or multiple short loops acting as a single
long loop.

Long Loops

Traditionally, the long loop has been defined as a
single loop that was 6 ft (1.8 m) wide by 20 to 80 or
moreft(6to24 m)long. Figure 75illustrates various
long loop shapes. These long loops generally have
only one or two turns of wire. If the rectangular,
powerhead, or trapezoidal loop needs to reliably
detect all roadway vehicles, the sensitivity level
must be set high which, in turn, will detect adjacent
lane vehicles (splashover). The quadrupole loop is
an appropriate design to eliminate this problem,

however, due to its limited height of field, it may
have diffienltv in continuounsly ﬂnfpnﬁna high-bed

LAV O ULILAUAAIUY 24l LA iulhiasily Lo utlill 1251l

vehicles. Quadrupoles are excellent wheel and axle

detectors. The lengths associated with long loops

increase the vulnerability to failure caused by pave-
ment cracks and joint movement. In response to
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Figure 74. Example of state-specified loop shapes (California).
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Figure 75. Long loop shapes.

these problems, many agencies are using sequential
short loops as described later.

Thelong loop normally providesinput to the control-
ler for what is termed “loop occupancy control.” In
this form of control, the minimum green interval (or
initial interval in older controllers) is set to zero, or
near zero, and the passage time or vehicleintervalis
set to a short interval as was shown in Figure 69.
When the green interval appears for the subject
phase, it will remain green as long as the detector is
occupied (subject, of course, to the maximum green).
As soon as the detector loop is cleared, the passage
time is timed and, if no further actuation occurs
during the passage time, the yellow change interval
appears.

The effective time gap is equal to the travel time
required to traverse the length of the loop plus one
vehicle length plus the passage time. Therefore, the
length of the loop is a critical measure for providing
appropriate operation. Care should be exercised to
ensure that the length of the loop is sufficient for a
following car to brake to a stop if the yellow interval

appears just before the following vehicle reaches the
loop or, conversely, to allow the vehicle to proceed
through the intersection on the yellow.

If heavy trucks are included in the traffic stream,
there may be a start up problem if a long queue
exists. ‘Passenger cars in front of the truck may
accelerate and clear the detector loop before the
truck can accelerate and reach the detector.

One researcher (Ref. 16) studied the relationship
between detector length and the time settings of
vehicle interval and maximum green for intersec-
tions where vehicle approach speeds were less than
35 mph (56 kph). The purpose of the study was to
determine the optimal combinations of detector
length, vehicle interval, and maximum green for a
wide range of flow conditions (i.e. flow rate per lane,
distribution of traffic among lanes, and temporal
variations in flow rates). Both two- and four-phase
operations of presence mode control were analyzed
for each flow pattern.

Optimal vehicle intervals are a function of detector
length and flow rate. The study suggests that for
detectors 30 ft (9 m)long, the use of 2 second vehicle
intervals can lead to the best signal performance
over a wide range of operating conditions. For 50- ft
(15-m) detectors, 1 second vehicle intervals are
desirable under a variety of flow conditions. When
detectors 80 ft (25 m) long are used, 0 second vehicle
intervals can minimize delays. The use of longer
vehicle intervals for such detector lengths is not
desirable unless the combined critical flow at an
intersection exceeds 1,400 vph.

The study concluded that maximum green for the
presence mode control is generally longer than opti-
mal green durations for pretimed control. Flow
patterns with higher degrees of concentration of
trafficin short periods of time need longer maximum
greens. The optimal maximum greens for hourly
flow patterns with a peaking factor of 1.0 (a uniform
flow rate) are about 10 seconds longer than the cor-
responding optimal pretimed greens. With a peak-
ing factor of 0.85 (a higher concentration of trafficin
a short period), the optimal maximum greens are
approximately 80 percent longer than the corre-
sponding optimal pretimed greens.

The study further concluded that detectors 80 ft (25
m) long can consistently produce the best signal
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performance. However, for a combined critical flow
of less than 1,100 vph, 65-ft (20-m) detectors can
produce comparable performance. For a combined
critical flow of less than 900 vph, the use of 50-ft (15-
m) detectors rather than the 80 ft (25 m) length
would incur a delay of up to 2 seconds per vehicle.
For a combined critical flow of less than 600 vph, 30-
ft (9-m) detectors may be used instead of the 80-ft
(25-m) detectors without incurring undue delays.

Sequential Short Loops

The use of sequential short loops to emulate a long
loop is the preferred treatment in many agencies.
The advantages of this configuration result primar-
ily from the fact that they are less subject to failure

because of their shorter length; therefore they are
less vulnerable to the problems of crossing pave-
ment cracks and joints and to adjacent lane pickup
(splashover). Long loops are more subject to adja-
cent lane splashover since the entire length of the
vehicle is exposed to the side of the long loop (ap-
proximately 17 ft (5 m)) as compared to less than a
third of the vehicle length of about 6 ft (1.8 m) for a
short loop. The short loops also provide superior
detection of small vehicles as explained later.

The sequential short loops commonly consist of four
6- x 6-ft (1.8- x 1.8-m) square or diamond loops
separated by 9 or 10 ft (2.7 or 3.0 m). This configu-
rationis equivalent to a 51- or 54-ft (15.3- or 16.2-m)
longloop. Various configurations of sequential loops
are shown in Figure 76. This California standard
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uses loop type designations such as those shown in
Figure 74.

On the other hand, Figure 77 defines a different
spacing pattern that is used by the Pennsylvania
Department of Transportation. This spacing nor-
mally requires a passage time or vehicle interval
greater than zero to provide proper signal operation.
Various spacing arrangements are used by other

agencies around the country.
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Figure 77. Series of short loops (Pennsylvania).

Wide Loops

Some agencies use wide loops to cover wide lane or
multiple lane approaches. These loops are normally
6 ft (1.8 m) in length in the direction of traffic flow
andup to46£t(13.8 m)for afour-lane approach. The
basiclayout of a widelaneis showninFigure 78. The
number of turns of wire varies according to the
number of lanes covered. Table 13 indicates the
number of turns as well as the dimension ranges for
the loop. Wide loops are not recommended. Infact,
many agencies do not permit the use of wide loops.
They are subject to more frequent failure because
they generally cross pavement joints and fractures.
Afailure anywhere on the perimeter takes the entire
Joop out of operation which in turn removes all
detection capability for that approach. Separate
loops in each lane are less susceptible to failure and
even if a failure in one loop occurs the remaining
loops can provide approach detection.

Single conductor THWN, # 14 AWG wire

{see Table 4-4 for numbet of turns)

Curb
4 @/ o3 Ny B E
Sensing
Loop
o} o3}/
Direction Leai?:"
of Travei w

Figure 78. Wide ioop detector iayout.

Very large loops of up to 30 ft (9 m) in width and 50
to 60 ft (15 to 18 m) in length have been used to
provide an extension of green time when cccupancy
increases to a saturation point in a given direction.
The detector unit is adjusted to be sensitive to more
than a certain number of vehicles in the loop. In
other words, the detector only responds to a satu-
rated condition. No additional green extension is -
given to the approach unless there is a congested
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Table 13. Wide loop detector dimensions.

Number | Approach Loop loop | Turns
of width width length of
lanes ft ft wire
1 12-18 6-12 6 4
2 19-32 13-26 6 3
3 33-45 27-39 6 2
4 48-52 40-46 6 1

,«*""'\vehlcles

situation. If no extensions are present (i.e., there is
no saturation or congestion), the opposing street
green receives the excess time. This application
cannot be used for call initiation and is intended for
use only in locations where unpredictable and ex-
treme fluctuations of traffic are present, such as
shopping center exits, some freeway exits into main
street flow, and industrial plant parking lot exits.

em. LEFT-TURN LANE DETECTION

Vehicle detectors in left-turn lanes can affect the
capacity of an intersection by reducing unnecessary
green time and left turn arrow indications. When
the last vehicle proceeds a block or so past the signal
before the conflicting phase begins, the travel time
represents lost green time which could more appro-
priately be used toincrease the green time available
to other phases. The design of left-turn detection is
generally based on the premises discussed below.

At the start of the green indication, it normally
requires 3 to 5 seconds for the first vehicle in a queue
to start up, with an average headway of 2 to 3
seconds between following vehicles. These times are
average; consequently, longer times must be ac-
counted for by providing an appropriate length of
loop to maintain the green for slower starting ve-
hicles. Moreover, trucks and other slow vehicles
require a longer start-up time which frequently
leaves a three or four car-length gap ahead of them.
Loop length also needs to account for these gaps.

Because green time is based on vehicular demand,
only a short green time is needed for one or two
For example, a rapidly starting single
sehicle can clear the turn lane with a green time of

under 5 seconds. A driver ofa following vehicle just
entering the left turn lane may be confused by the
short green. The length of the detector loop should
be such as to allow the following car to reach the loop
in time to enter the intersection on the green indica-
tion or brake to a stop. This length is based on the
equation for maximum deceleration rates, which
indicate that a vehicle traveling at 30 mph (48 kph)
can stop in 83 ft (25 m).

To accommodate these conditions, alooplength of 80
ft (24 m) from the stop line and a controller passage
time of 1 second is frequently used. Shorter loops
must be compensated for by adding more passage
time on the controller. Controller passage time is
the time a controller will hold the green after actua-
tion. A passage time of 1.0 second permits most mo-
torists to almost complete their turning radius be-
fore the onset of the yellow change interval is dis-
played.

Another problem occurs when vehicles are permitted
to turn on the circular green (green ball) indication.
Drivers will usually proceed past the stop line and
wait for a gap in the opposing traffic. If a gap does
not oceur, or a vehicle ahead prevents the turn, the
driver may be left stranded beyond a detection zone
that ends at the stop line. Inthis case, the controller
may skip the turn arrow in the next cycle because
the vehicle is positioned ahead of the detector. Some
agencies feel that it is a good practice to extend the
loop beyond the stop line 1 to 6 ft (0.3 to 2 m) to
prevent this situation.

To detect small vehicles (e.g., motorcycles), the de-
tector must be set for high sensitivity. However, this
high sensitivity will frequently cause detection of
vehicles in adjacent lanes (splashover). Many agen-
cies use quadrupole loops to avoid splashover. As
the quadrupole requires an additional sawcut the
length of the loop, it is desirable to limit the quad-
rupole design to the area near the stop line. (See
later discugsion “Detection of Small Vehicles.”)

One method, used by the Illinois Department of
Transportation (Ref. 14), for designing a minimum
left-turn loop is llustrated in Figure 79 and proce-
durally described as follows:

* Locatethestoplineinrelation tocross-
street turning radius.
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Figure 79. Left turn detection procedura (lllincis).
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back loop.

e Measure 50 ft {15 m) toward the stop
line to establish front edge of theback
loop.

s Allow 2-ft {0.6-m) gaps between loops
and measure 28 ft (8.4 m) to the stop
Iine.

¢ The front of the front loop should be
within 13 ft (4 m) of the edge of the
cross street traffic lane.

» Design the front loop as a quadrupole
to detect small vehicles.

When the left-turn demand requires 150t (45 m) or
more of storage length, or when higher approach
speed require long deceleration lanes, the loop lay-
out should include an advanced detectionloop. This
advanced detector with a call extension feature will
extend the effective detection zone to accommodate

heavy traffic volumes or high-speed traffic.

THROUGH LANE DETECTION

Detection of vehicles in through lanes depends on
the approach speed and the type of controller opera-
tion being used. It can be a single point detector, a

longloop, a combination of long and short loops, ora
sequence of short loops. Each of these types is
diseussed below.

Single Point Detection

This form of detection is the simplest form used for
actuated controllers. It is used primarily for low
speed approaches that is, less than 35 mph (56 kph).

srand nm .-..}I.v. mbnant annenanrheas with

it may also be used on side street approacies, witil
another form of detection on the major street.

A point detector (e.g., a 6- x 6-ft (1.8- x 1.8-m)) is
located 2 to 4 seconds of travel time in advance of the
stop line. Asthisis the only detector in the approach
lane, controller timing must be appropriately set to
utilize the information. The actual distance divided
by 25 ft (7.6 m) (length of vehicle plus the space
between vehicles) indicates the number of vehicles
that can be queued between the detector and the
stop line when the light turns green. This is used to
establish the minimum green interval setting onthe
controller. The distance between the detector and
the stop line divided by the 15th percentile speed is
a good first estimate of the passage time. This
passage time is also the allowable gap that will lose
the green indication. If this setting is too long or
short to be acceptable as an allowable gap, the
position of the detector should be moved toensurean
appropriate gap size.

Loop Occupancy Detection

The loop occupancy form of detection is generally
used on low speed approaches. This normally con-
sists of a smgle loop 50 ft (15 m) or more in ]ength or
a sequence of short loops (usually four) located
immediately upstream of the stop line. Loop occu-
pancy timing is used on the controller as described
earlier. This type of operation is most effective when
speeds are 25 mph (40 kph) or less. Even at this
speed there is some potential for the light turning
yellow just before an approaching vehicle reaches
the detector. In this case, the vehicle will probably
cross the intersection on the yellow indication.

As speeds increase, the detection zone must also
lengthen to accommodate the increased stopping”™
distance. One jurisdiction uses the combination o
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approach speeds and detection lengths shown in
Table 14. These loop lengths appear to be exces-
sively long, resulting in long minimum gaps.

Table 14. Loop occupancy detector lengths.

Speed Detector lLength
mph kph Feet Meters
30 48 120 37
35 56 160 49
40 64 200 61
45 72 250 75

The 120-ft (36.6-m) detection area is measured from
the stop line and consists of two 56-f£ (17.1-m) loops.
greater detection areas are required, either
additional long loops or small loops may be used. If
additional small loops are chosen, they must be
connected to separate detector units with the exten-
sion time programmed inte the detector. The long

loops are set to presence mode.

T hana
vy iicie

High-Speed Point Detection

Forhigh-speed approaches (those with speedsgreater
than 30 mph (48 kph)), detection becomes more
complex. Volume density control is one technique
used that relies on the controller functions rather
than extensive detectorization. Normally only one
detector is used for each lane. This point detectoris
placed much farther from the intersection than the
2 to 4 seconds of travel time used for normal
actuated operation. The detector is usually placed
at least 5 seconds and as much as 8 to 10 seconds
from the stop line.

This detector is active at all times rather than just
during the green interval. During the red interval,
each actuation increments the variable initial tim-
ing period. After the variable initial exceeds the
minimum green, each additional actuation adds
more time to the initial interval. During the green
interval, the detector acts to extend the green. At
first the extension is equal to the passage time, but
after a conflicting phase has registered a call, the
extension is reduced, eventually reaching a mini-
mum gap.

A concern with this type of operationis the potential
for a vehicle being in the dilemma zone at the onset

of yellow. The following section presents a discus-
sion of dilemma zones and deseribes how mulitiple
detectors are utilized to alleviate the dilemma zone
problem.

DETECTION FOR DILEMMA ZONES

One problem that has plagued designers and opera-
tions and safety engineers involves intersection
approaches where the speeds of approaching traffic
are greater than 30 mph (48.3 kph). Drivers ap-
proaching at these higher speeds are frequently
faced with a “dilemma”—whether to stop or proceed
through the intersection at the onset of the yellow
change interval. The placement of detectors to
ameliorate this problem has received serious consid-
erationand research. This section defines the many
variables that affect the dilemma zone problem and
describes several detector placement schemes that
have proven effective.

Definition of Dilemma Zone Problem

When a vehicle traveling at a constant speed (V)
approaches an intersection and is positioned at
distance (X)from theintersection at the beginning of
the yellow change interval, the driver is faced with
a decision. He may decelerate and stop the vehicle
before entering the intersection; or continue and
enter the intersection, accelerating if necessary,
before the red interval begins. In some States, the
driveris required to clear the intersection before the
red appears. Depending on the distance from the
intersection and the speed oftravel, drivers may not
be certain that they ean stop in time, or they may be
unsure that they can clear the intersection before
This creates the “di-
lemma.” Some drivers will opt to stop, while others
may accelerate and continue through the intersee-
tion.

annflindimy vahialas avbaw
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If the choice is to stop, after a short perception/
reaction time, the driver will decelerate. The dis-
tance the vehicle will travel after the beginning of
the yellow change indication includes the distance
traveled during the perception/reaction time (t),and
the distance traveled during deceleration. The fol-
lowing inequality must be maintained to ensure a
safe and complete stop.
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Distance from stop line at start
of yellow interval, ft (m)
Approach speed, fps (mps)

=  Perception/reaction time
(typically one second)

Constant deceleration rate, fps 2
(mps2)
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Safety and comfort require that the vehicle’s decel-
eration rate not exceed one third to one half the
acceleration of gravity. Using d* to represent a
critical deceleration rate under prevailing roadway
conditions, the stopping distance ( X3 ) for speed V
may be defined by: ‘

2

Xs = Vxt +2d*

(66)

The quantity Xgis the minimum distance from the
stop line where the vehicle can stop completely after
the begmmng of the ye]low interval. That is, if a

ahinla ol
vehicle is closer to the stop linethan X Ag when the

yellow begins, the driver will be unable to stop safely
or comfortably before the intersection. The area be-
tween the stop line and the point X is an area in
which drivers should not be expected to stop (“can-
not stop”) (see upper portion of Figure 80).

If the driver decides to accelerate and pass through
the intersection, the following inequality must be
maintained:

a(Y+R-t)

Xe < VY+R) + 5 —(W+L) (67)
where

X. = Clearance distance, ft (m)

t =  Perception/reaction time
(typically one second)

a =  Acceleration rate, fps 2(mps?

Y =  Yellow change interval,
seconds

R = Red clearance interval, secs

W = Effective width of intersection,
ft (m)

L =  Length of vehicle, ft (m)

v =  Approach speed, fps (mps)

The above equaticn will take the driver completely
through the intersection before the appearance of
the red signal. Many traffic engineers do not feel
that a driver must clear the intersection on the
yellow. In fact, most State Vehicle Codes do not
require the vehicle to clear the intersection prior to
the onset of the red indication but merely to enter
prior to the red. Therefore, these same engineers
may eliminate the last term (W + L) from the
equation or, they may use 1/2 or 1/4 of this term. In
somecases, thered clearance intervalisincreased to
assure clearance when needed ratbher than include
the W + L term in the equation.

The constant acceleration rate (a) available to the
driverin Equation 67 may be estimated using Gazi’s
equation:

Figure 80. Region of “Cannot Stop” or “Cannot Go."
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a = 16.0 — 0.213V
{a=4.9-0213V (in metric))

(68)

From this equation, it can be seen that higher accel-
eration rates can be attained when the vehicle is
traveling at lower speeds. Clearance distance (X, )
is the maximum distance from the stop line from
which a vehicle is able to clear the intersection. X,
can be defined by the following:

a(Y+R-t)

Xe = V(Y+R) + =

~{(W+L) (69)

Again, the lastterm (W + L)is often omitted from the
equation. Since X, is the maximum distance up-
stream of the stop line from which a vehicle can clear
the intersection during the yellow interval, any
vehicle positioned at a point beyond X, (i.e., further
upstream), would not be expected to clear the inter-

gection durine the vellow interval and is thug in a
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region in which the driver “cannot go” without vio-
lating the red indication {seelower portion of Figure
80).

As both X and X, are measured distances from the
stop line, the relationship of these two quantities
should be defined by one of the following:

+ X > X
e X=X
¢ Xg <X

In the case where X, > X, the overlapping area in
which a vehicle can neither stop nor go if faced with
a yellow indication is termed the “dilemma zone”
(Figure 81). In this case, a driver of a vehicle within
the dilemma zone at the onset of yellow would have
to accelerate or decelerate at an unsafe rate; and
consequently, would be vulnerable to a right angle
or rear-end accident.

In the case ur}\
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era X = X
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disappears, and therefore, presents no problem
(Figure 82). A driver in the “cannot go” zone would
be abletostop safely, whereas a driverinthe “cannot
stop” zone could successfully accelerate through the
intersection.

g - Inthethird case where X, < X, in the area between

X, and X, the driver may either stop or go safely.

3 L |

Figure 81. Dilemma zone (X, > X).

Therefore, this zone is considered an optional zone

na ehown in Fionre 82
Ao ILIVYYLL 111 & J.Sulc Uy

It can be seen from this relatively simply analysis
that a dilemma zone is only formed when X, > X..
From Equation 66 and 69, it is seen that X is a
function of speed, perception/reaction time, and
deceleration rate, while X, is a function of speed,
perception/reaction time, acceleration rate, yellow
interval time, and effective width of the intersection.
Tables 15 and 16 present stopping distance X, and
clearance distance X, for deceleration rates of 10
and 16 fps (3.0 and 4.9 mps), and intersection widths
of 48 and 76 ft (14.6 and 23.2 m), respectively. The
tables are based on the following assumptions:

X = X
s ¢

Figure 82. No dilemma zone (X, = X.).
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Figure 83, Optional zone (X, < X).

All distances are measured from the
stop line in the upstream direction.
Vehicle length is 20 ft (6 m).

Acceleration rate =a=16.0-0.213 x
speed, fps:.

Perception/reaction time equals 1
second.

Table 15. Stopping and clearance digtances for

intersection width of 48 feet.

From this analysis, several general statements may
be developed :

s For a given yellow interval, as speed
increases, the dilemma zone becomes
longer.

¢ Foragivenspeed and yellow interval,
increases in the deceleration or ac-
celeration rate will result in a reduc-
tion of the dilemama zone,

¢ Increasesin the effective width of the
intersection will directly increase the
length of the dilemma zone if the total
width oftheintersectionisincludedin
the caleulation.

In pretimed signal control, the appropriate strate-
gies for controlling the dilermma zone problem con-
sist of providing a consistent yellow change interval
and incorporating an appropriate red clearance
interval. This strategy will, however, increase ve-
hicular delay.

In actuated signal controlled intersections, the most
appropriate strategy for resolving the dilemmazone
problem involves detector placement before, within,
and after the dilemma zone in such a way as to

Table 16. Stopping and clearance distances for
intersection width of 76 feet.

Decel, | Speed | Stopping| Clearance Distance (feet) Decel. | Speed | Stopping| Clearance Distance {feet)
Rate Distance for Yellow equal fo: - Rate Distance for Yellow equal to:
ftisec 2 mph {eet 3sec | 4sec | Gsec fi'sec 2| mph feet 3sec | 4sec | 5Ssec

20 73 44 102 173 20 73 16 74 145

25 104 64 127 201 25 104 36 99 173

30 141 84 152 229 30 141 56 124 201

35 184 103 176 258 35 184 75 148 230

10 40 232 123 201 286 10 40 232 95 173 258
45 285 143 226 314 45 285 115 198 286

50 344 163 250 342 50 344 135 222 314

55 408 183 275 370 55 408 155 247 343

60 477 203 299 399 80 477 175 271 371

20 56 44 102 173 20 56 16 74 145

25 79 64 127 201 25 79 36 98 173

3¢ 105 84 152 229 30 105 56 124 201

35 134 103 176 258 35 134 75 148 230

16 40 167 123 201 286 16 40 167 95 173 258
45 203 143 2286 314 45 203 115 198 286

50 242 163 250 342 50 242 135 222 314

.55 285 183 275 370 55 285 155 247 343

60 331 203 299 399 60 331 175 271 371
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reduce the probability of entrapment of a vehicle in
the dilemma zone at the onset of the yellow interval.
The various methods of detector placement for di-

lemma zones are discussed below.

Multiple Point Detection

Asmentioned above, the dilemama zone problem can

be ameliorated by the strategic placement of mul-
tinle detectors at hich sneed annroaches to intersec-

Pt Lol S AL il nii S U QAP i UQlIIT S W0 AU G0V

tions controlled by actuated contro]lers These
methods also assume the use of loop detectors. It
should be noted that, as inventive as these methods
are, because of maximum greens, force-offs, ete.,
vehicles will still get caught in the dilemma zone.
Adequate change intervals (yellow and all-red dis-
plays) must be provided to ensure motorist safety.

There are three general detector placement strate-
gies in general use. These may be defined as:

* Green extension systems (for semi-
actuated controllers).

* Extended call detector systems (for
basic controllers).

*  Multiple detection systems.

Green Extension System

This system is an assembly of extended call detec-
tors and auxiliary logic (Ref. 17). The logic can
monitor the signal display, enable or disable se-
lected call detectors, and hold the controller in green,
Although two loop detectors are normally used,

d at hioh aint
three detectors may be used at high-speed intersec-

tions. The concept of this system is simply that of
detecting the vehicle before it enters the dilemma
zone and then extending the green until the vehicle
clears the dilemma zone.

This placement schemeis shown in Figurre 84 (Ref. 18).
The location of the loops in this case is governed by
the 85th percentile speed. The following equations
are used to calculate the appropriate distances for
the loops.

2
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85th percentile speed, mph
Perception-reaction time, secs
Coeflicient of friction
Stopping distance, ft
Clearing distance, ft
Separation between loops, ft
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ing over loop S, would a an electromc timer
which would extend the green for the vehicle to
reachloop S,in time T,. Similarly, when the vehicle
passes over loop S, a second timer would maintain
the green while the vehicle proceeds toward the
intersection. This design does not insure that ve-
hicles traveling at speeds less than the 85th percen-
tile speed would not be trapped in the dilemma zone.

l..
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Stop Line
/

[ (P
i T, T
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Figure 84. Green extension system —two detectors.

Extended Call Detector System
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extending upstream from the stop line and a small
extended call detector 250 to 500 £t (75 to 150 m)
upstream of the stop lineas shownin Figure 85. The
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Figure 85. Extended call detector system.

magnitude of D is calculated based on Equation 70
and the speed limit or the 85th percentile speed. D,
is set at 70 ft (21 m). T,is set equal to D, (which is
D - D,) divided by a lower limit approach speed
which is generally assumed to be the 15th percentile
speed. This time is set on the extended call detector.
The controller is operated in the loop occupancy
control mode.

This design ensures that the last vehicle, and those
vehicles travenng below the speed limit, will not be
trappedinthe dilemma zone. A trailing vehicle may
be trapped at the end of the maximum extension
limit (maximum green time after an actuationonan
opposing phase). The 70-ft (21.3-m) presence loop
ensures that stopped vehicles queued behind the
stop line will move forward and enter the intersec-

tion without triggering a premature gap out.

Multiple Point Detector Methods

The two methods described previously utilized two
or{at most) three detectors. These techniques canbe
effectively employed at intersections with relatively
low speeds. As discussed earlier, when speeds are
high, the dilemma zone becomes longer and more
detectors are needed to accommodate a wide range
of approach speeds. There are three commonly used
technigues for determining the placement of detec-
tors. (These methods are identified by the name of
the person, agency, or group which developed the
technique.)

The Beirele Method: This method (originated by
Harvey Beirele of the Texas State Department of
Highways and Public Transportation, Ref. 19) uses
a l-second vehicle interval setting on a controller
operating with locking detection memory. The de-
tectors are 6- x 6-ft (1.8- x 1.8-m) presence mode loop
detectors.

The outermost detector upstream of the intersection

is placed at a safe stopping distance from the inter-
section for highest normal approach speed. Safe
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stopping distances are based on a 1-second percep-
tion/reaction time plus braking distances resulting
from coefficients of friction between 0.41 and 0.54 for
speeds between 55 and 20 mph (30 and 30 kph). The
nextdetectoristentativelylocated at a safe stopping
distance for a vehicle traveling 10 mph (16 kph) less
than that assumed for the first detector. If the
travel time between the two detectors is greater
than 1 second, the downstream detectoris relocated
to allow the vehicle to reach the second detector
within the 1 second vehicle interval set on the
controller.

This lncation nroce s ren
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sive detector until the last loop is within 75 ft (23 m)
of the stop line, each time subtracting 10 mph (16
kph) from the maximum considered speed. The
minimum assured green timeis set on the controller
to permit vehicles stopped between the last detector
and the intersection to enter the intersection.

ezated for each suceces-

The Texas State Department of Highways and Public
Transportation has also investigated a modification
to the Beierle procedure which uses AASHTO stop-
ping distance criteria. Figure 86 illustrates the
detector spacingfor various speeds usedi in the State
of Texas.

The Winston-Salem Method: The second method of
multiple detector placement wasdeveloped by Donald
Holloman for that agency (Ref. 17). This is basically
the same asthe Beierle Method. The only difference
is the Winston-Salem Method uses slightly shorter
stopping distance for the outermost and innermost
detector and incorporates speeds up to 60 mph (96.6

kph).

The SSITE Method: The third method was devel-
oped by the Southern Section of the Institute of
Transportation Engineers (Refs. 20 and 21). This
method uses an iterative process and engineering
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Figure 86. Multiple loop detector placement (Texas).

judgment in locating the detectors. The outermost
loop 1s positioned o provide safe stopping distance
as determined by data collected by the Southern
Section, The other differences are that the spacing
between successive Joops is 2 seconds and the inner-
most loop is located at the stop line. The system also
uses an allowable gap between five and seven sec-
onds which is greater than other methods.

These methods differ primarily in the number of

Tanna noad and in tha eanarinocs Tahla 17 nracante a
lvuyﬂ CADAL CLLEYE L1l Bills ﬂyuhlllsﬂ A CARSAN, A l LAALAUD A

summary of the different placement mode methods
and their characteristics.

Sincethelengthofthe dilemma zone becomes larger
as speed increases, more detectors are required to
track the vehicle through the dilemma zone. More-
over, the longer the spacing between detectors, the
longer the vehicle interval and the less efficient the
controller is likely to be.

In general, it appears that the multiple detection
systems are more appropriate for use with high
mean approach speed and high variability.

Table 17. Summary of detector placement methods for dilemma zones.

Method Gr?ﬁ?ﬁ???,s',on ~ Extendid C ‘,al,l, ) Multiple Dstection Systems
DYSIems 101 LIe1eClor syswems ! . * .
Semi-Actuated for Basic Beierle Winston-Salem SSITE
Design Control Controllers Method Method. Meathod
Controller - - . . .
Memory Non-Locking Non-Locking Locking lLocking Non-Locking
Detector Type Presence Presence Presence Presence Presence
Speed Range | V = 85th Percentile | V = 85th Percentile V<50 V<60 V<80
Quter- Ve V2 Use Stopping Use Stopping Use SSITE
most D=1.47Vt +50 D=1.47Vt +=—— 307 Distance from Distance from Report
Loop’ 0 Ref. 19 TEH, Ref. 17 Ref. 20
Loop! Inner- v Within 75 fost
Lay-| most Dy=147V (35+1) 0 of the Approach 86 feet 0
out Loop Stop Line
Spacing
Between) p-py D-70 1 second 1 second 2 seconds
LOODSG v > 2 seconds Vieariea > 2sec :
Number
of 2 {or3) 2 -11-— -1 -i\-l--- -2 <8
LoopsT _ 0 0 '
Allowable Gap 5 to § seconds o 6 seconds 2 to 5 seconds 2 to 5 seconds 5 to 7 seconds
_Tha Aietaman ie mamerirasd from tha atme lina
THT WIwLG] IS 19 HHITAQU I S (TWIT LIS \‘.’I.U.J'III =
® - Mow limit = low speed limit, for example use 15th percentile speed
T- I% represents the integer part of -1y5 for example[S.?] =
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Typical Design Options

To simplify their detector design process, the Penn-
sylvania Department of Transportation has defined
seven basic design options together with an evalu-
ation of the characteristics of each option. The
following excerpt presents these options from the
PennDot Traffic Signal Design Handbook (Ref.22).

Option 1:

maxyimum for each annroach lane

G ALIILAIIL IV SRlil qppivalial aRiit.

individual lane detectmn in the presence mode.
Although it requires more loop wire than the other
options, its initial cost is the lowest as less lead wire
and fewer pull boxes arerequired. Construction cost
is lowest of all options, The disadvantages include:

all detection for a lane is lost should the loop break;

and long loops are the least sensitive of all loop
configurations. When the sensitivity is increased,
the loop becomes more susceptible to detecting
vehicles in adjacent lanes.

Consists of a long loop 6 ft x 50 ft
This enahles

LA CILIQAATS

Option 2: Consists of sequential short loops for
individual lane detection in either the pulse or

nracdomnan T f\f‘ﬂ

presence mode. 'T‘.how T OLr }\D \:ﬁror‘ D;+]‘\OT‘ ;“ GDT“;D&
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or parallel; however, best results are achieved when
alternate loops are paired and wired in parallel to
separate input channels. There is an added safety
feature inherent to this option in that should one
loop fail, detection is not completely lost. Although
the initial cost is higher than that for long loops,
maintenance is easier, as only a small loop need be
replaced in case of damage.

Like the long loop, the short loops are susceptible to
detecting vehicles in adjacent lanes; however, they
are more sensitive and are better suited for sensing
smail vehicles.

Option 3: Consists of a long quadrupole loop for
each approach lane. Its operationisidentical to that
of Option 1. The major advantage of this optionis it
is sensitive enough to detect bicycles and small
motoreycles, yet it does not detect vehicles in adja-
cent lanes. Like Option 1, detection for an entire
laneislost should the loop be severed. Construction
cost is approximately 20 percent greater than for
Option 1.

Option 4: Consists of one shortloop per lane located
in advance of the intersection based on normal

approach speeds. This option, which operates in
puise mode only, is best suited for providing exten-
sion intervals on roads with higher travel speeds.

They can also be used for individual lane counting
and gap determination. There are two disadvan-
tages with this option. First, should the loop fail,
detectorization for the approach would be lost.
Second, since there are no loops near the stop line,
any vehicle entering the approach from a driveway
hetween the loon and the ston hine would not be

Tl Wil AVUp Ll wllT OWp 2L Viailae iV

detected and would have to wait for another vehicle
to place a call for the necessary phase unless calling
detectors are used.

Option 5: Isbasically the same as Option 4 except
a single wide loop is used for multi-lane detection
instead of individual lane detectors. Constructionis
lessexpensive than Option 4; however, should break-
age occur, detection on that approach would be
completely lost.

Option 6: Consists of a single short loop per ap-
proach lane for use where a driveway is located

hotweaen the interzoetion and the area of deteetion
perween e mtersecllion anda wae area of Qeleclion

for Options4 or 5. Trafficgenerated by the driveway
would be unable to actuate its phase without the
additional detectors placed near the stop line. A 6-
x 6-ft (1.8- x 1.8-m) calling detector is used in these
cases.

FUNCTIONAL APPLICATIONS

There are several conditions that may require detec-
tors to perform special functions. These applica-
tions include small vehicle and bicycle detection,
detection of long vehicles or large trucks, queue
detection at freeway off-ramps, vehicle counting,
and special safety applications to prevent accidents
and reduce speeds.

A summary of the various loop shapes and their
operating characteristics is given below in terms of
the functional requirements determined by the
operating agency. These requirements are typically

hased on the tvne of annlication {a g intersoartion
Cased on e Type o appacation (£.g., Iniersection

control, freeway surveillance and control etc), traf-
ficor vehicle mix, climate, and other site specific con-
ditions,
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DETECTION OF SMALL VEHICLES

The cost of fuel has increased steadily during the
198(0’s. As a result, the trend toward smaller, fuel-

congerving vehicles has become more pronounced.
Mhnee vahinlae rance from the small comnact anto-
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mobiles to the 100 cc motorcycle, and even to the
moped and light-weight bicycle. The increasing
number of these small vehicles and their behavior
patterns often necessitates their detection with
existing standard detector configurations.

A presence detector should be able to detect a small
motorcycle and hold its call until the display of a
green signal. If a callis dropped prematurely by the
detector, the motoreyclist could be trapped on the
red phase. The required time of hold should at least
match the shortest cycle time observed at the inter-
section. The NEMA Standards (see Appendix J)

o .. . .
specify a minimum hold period of 3 minutes. The

FHWA Type 170 Hardware Specification also re-
quiresthat the detector system be capable of holding
the call of a 100 cc Honda motorcycle for a period of
3 minutes (see Appendix K).

Calls may be dropped prematurely in some older
detectors thatinclude circuitry intended to compen-
satefor environmental drift, primarily due tochanges
in temperature and moisture. This circuitry will
frequently neutralize a weak detection from a small
vehicle within a period of less than a minute. Newer
detectors do not have this problem and all meet the
NEMA Standards and the Type 170 Specification

rhhaals hhadls
which both require a minimurm hold of 3 minutes.

In California and other parts of the country with
temperate climates, the bicycle has become a signifi-
cant mode of transportation. As such, it has become
necessary for proper operation and safety, to detect
bicycles at signalized intersections. The inherent
problems associated with bicycle detection include:

* Locating the loop on the street to as-
sure the rider will be within the zone
of detection. A separate bike lane is
ideal, but not always possible.

......... tha
Sequencing the traffic :u.sua.l to ac-

commodate a detected bicycle. This
cannotbe done with some control tech-
nigues.

¢ Providing sufficient signal timing to
avoid trapping the bicyclistin theinter-
section. This also can be a problem
with some intersection designs.

Inresponse to these problems, it has been suggested
that the detector electronic unit have extension
timing and delay features. In such a system, one
loop is located about 100 ft (30 m) from the stop line
and the second loop is located at the stop line. When
a bicycle is detected at the first loop, the extension

timeis provided tohold the greentoallow the bicycle
to reach the loop at the stop line.

When the detection is made at the stop line, exten-
sion time is provided to allow the bicycle to move far
enough into the intersection to safely clear before
the end of the yellow indication. If the detection
oceurs when the light is red, the minimum timing
feature assures that when the light turns green, the
minimum green time will allow safe crossing of the .
intersection. This type of operation works best in a
bike lane. The loop in the bike lane with a standard
detector unit could be wired to call the pedestrian
timing which would allow adeguate time for the
eyelist to cross the intersection.

A delay feature is used for cases where vehicles
merge into the bike lane to turnright. The detection
is not immediately registered so that the vehicle
may complete aright turn without creating delay for
other traffic including bicycles.

There are a number of factors that must be consid-
ered in determining the most effective detection
configuration to be used when policy dictates that
small vehicles including bicycles must be detected.
Important determinants that must be carefully
weighed include: the shape of the loop, the width of
the lane, and the loop placement within that lane.

Loop conﬁgurations that can be used to enhance the

ability to detect small vehicles are described below.

Multiple Interconnected Small Loops

One configuration that is frequently used for the
detection of small vehicles is multiple intercon-
nected small loops or, as it is often to, sequential
short loops. The sensitivity can be controlled better

with the multiple loops than with the conventional
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single long loop that must be set so high to detect
small vehicles that false calls from the adjacent
lanes (splashover)result. With the smallloops, total
loop inductance very close to optimum can be achieved
by connecting the loopsin series. Inthe past, series/
parallel connections were mandated, however, newer
detector units have obviated this need. Moreover,
the small vehicle will be detected when it reaches the
first small loop rather than at the stop line, as is the

case with the long loop with a power head described

later. Also, should one loop fail, there would still be

some detection capability inthat lane.

Quadrupole Loop Configuration

The quadrupole loop configuration was first used in
theearly1970’s. As shownin Figure 87, this configu-
ration adds a longitudinal saw cut in the center of
the lane. The loops are wired in a figure eight
pattern sothatthe center wireshave currentflowing
in the same direction. Their fields reinforce each
other, improving the capability to detect small ve-
hicles. The center wires counteract the fields of the

3 1m +hna
outer wires, which have their current flowing in the

opposite direction from the center wires. The influ-
ence of the outer fields is diminished, reducing the
possibility of splashover.

The single wire configuration (“1-2-1” with one layer
in the perimeter slots and two layers in the center
slot) shown in Figure 87 is used for the detection of
automobiles, trucks, and the larger motoreycles. A
double layer design (“2-4-2”) is recommended to
include the detection of small motorcycles and bi-
cycles. Some agencies wind the 2-4-2 as two, 2-turn
loops rather than the traditional figure eight wind-
ing pattern. No definitive tests were found to favor

3 A
either method.

Placement in the lane is another important consid-
eration. Installations placed in the center ofthelane
may fail to detect the small motorcycle if the travel
path is outside the quadrupole field. For example,
motoreyclists waiting to turn left will usually stop on
the left side of the lane and may be outside of the
quadrupole field. In the case of a lane where detec-
tion is required for a left turn, it is recommended
that the left edge of the quadrupole be located no
further than 2 ft (61 cm) from the left edge of the left
turn lane,

The quadrupole is used as a short or longloop and as
a single element, or in combinations such as series,
or series/parallel. This configuration is used effec-
tively in many installations across the country not
only to detect small vehicles, but to eliminate the
problem of adiacent lane detection (splashover) i in
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high sensitivity inductive loop systems.

Short quadrupoles (less than 30 ft (9 m)) tend to lose
high-bed sections of trucks. The quadrupole is really
two loops whose height of field will be approximately
2/3rds of the short leg of the loop. In this case the
approximate height will be 2 ft (0.6 m). In the longer
loops (greater than 30 {t (9 m)), there are always one
or more wheels or axles over the loop.

It is generally agreed that the 6-ft (1.8 m) quad-
rupole loop detects bicycles better than most other
loop configurations. The major problem with this
conﬁgurahnn and the small hiecvele is the noasd for
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the blcychsts to ride close enough to a wire within

I 4 to 6 feet I

= -

T A van

)

6 to 100 feet

\ Cycle detection within 4" of this saw-cut

5
<

T l

Winding Direction
Pattern of
Travel

Figure 87. Quadrupole loop configuration.
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the quadrupole to be detected. A number of unique
pavement markings and signs have been used for
this purpose. The pavement marking identifies the
location of the wire and the sign explains the mark-

ings to the cyclist.

Figure 88 diagrams one such system used in Clarke
County, Georgia. In this system, apattern of4-x 18-
in (10- x 46-cm) white strips were placed 18 in (46
cm) apart starting at the stop line. The length was
kept short since only one actuation is necessary to

eall the green indication.

Inthe City of San Luis Obispo, California, an aggres-
sive public information program was mounted to
inform bicyclists that they could make the red light
turn green by traveling over the pavement markings
shown in Figure 89. These markings were painted
on all appropriate through, right, andleft turn lanes
at all signalized intersections that contained loop

Sensors.
Major Street
Existing Gutter
Stop Curb
Bar Sidewalk

i) L |-———| 4
(White)
CYCLE STOPY

ON LINE FOR
GREEN

Minor Street

6'x 50

Quadrupole
Loop

|

1|8I|

¥
¥ = =z
= 0 o
-~ ~— W
XY = Y_
A

z

@

-

Figure 89. Special bicycle pavement marking.

Chevron Loop Configuration

The chevron configuration used to detect small
vehicles is shown in Figure 90 and consists of one or
more four-turn parallelogram loop(s) with the short
section in the direction of traffic. The long side ofthe
parallelogram makes a 30 degree angle with the

Direction of
Travel .. Oto2feet
_)i i (60 cm) Additional
sections
as needed
o cover
// roadway
275 o
inch A
{70 cm} P

4 turns
typical

Figure 88. Bicycle detector slgn and markings.

Figure 90. Chevron loop configuration.
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short section. The Jong sides of the loop sections are
27-1/2in (70 em) apart. Adjacent ends of the succes-
siveloop sectionsmay be in a single slot or separated
by 2 ft (60 cm). This alignment allows a smaller
vehicle to cut the lines of flux more efficiently (Ref.
23).

Loop sections are wound alternately clockwise and
counterclockwise so that currents in adjacent loop
ends are always in the same direction. Successive
sections wound in the same direction would produce
dead-paths where the sections are joined.

Long Loop with Power Head

Frequently, a small motorcycle or bicycle will not
produce a sufficient shift ofinductance in a one-turn
6 x 201t (1.8 x 6.1 m) or longer loop. Some detector
units will detect these small vehicles with two or
more turns of wire although there are dead areasin
the center of the loop.

One approach is to use a small power head at the
stop line with the long loop. This configuration is
shown in the upper portion of Figure 91. The
standard powerhead can be improved by angling the
transverse wires as shown in the lower portion of
Figure 92. The angling will cause the small vehicle
to cut the lines of flux more efficiently; thereby
increasing the signal by as much as 25 percent. The
disadvantage to this concept is that the vehicle may
not stop on the powerhead unless it is clearly indi-
cated by paint or signs.

There has been some concern expressed that there
may be some liability becanse small vehicles are not
detected throughout the zone of detection. Although
these vehicles are detected at the stop line, the
controller operation is based on the detection of
vehicles in the approach. Other engineers feel that
theimportant elementis to detect the small vehicles
to ensure that they will receive the green signal, not
to ensure that the signal operation is optimized for
these vehicles. They donot believe that any liability
is incurred.

A way to avoid the problem of not detecting small
vehicles throughout the detection zone is to use
sequential short loops in the lane rather than a
single long loop. Also, modern detectors have the

Direction of travel
—__..__>

Stop Bar

20 to 100 fest

30°

6|
¥ i“’ ﬁ \@Z‘@Lj
Stop Bar

20 to 100 feet

A

Figure 81. Long loop with powerhead.

ability to detect small vehicles without the resultant
splashover that occurs when using the single long
loop with high sensitivity settings. These two fac-
tors have reduced the need for the powerhead de-
sign.

Bicycle Detectors

The State of California has developed whatistermed
a Type D loop configuration to better detect bicycles
(Ref. 24). This configuration, shownin Figure 92, is
a palm shaped loop that fits into a 6-ft (1.8-m)
square. The loop has three turns of wire when a
single Type Dloopis connected to a detector channel,
and five turns of wire if one Type D loop is connected
in series with three 6- x 6-ft (1.8-x 1.8-m) loops ona
detector channel (see Type 5DA or 5DQinstallations
in Figure 76). Atthe acute corners of this loop, meas-
ures must be taken to protect the wire in the bend.
Drilling ahole in the corner or chipping out the inner
angle to provide a radius will prevent kinking the
wire. This loop may be used in either traffic or bike
lanes.

In some applications, it is desirable to detect the
presence of abicycle across a greater portion of a full
width traffic lane. One loop configuration that is
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Figure 92, Type D loop configuration

used is an 8-ft (2.4-m) square with three diagonal
saw cuts traversing the square. Two layers of
wire are used and are wound so that the current
flow is in the same direction for both layers.
This results in four layers of wire in each
diagonal. The acute angle corners are rounded

to prevent damage to the wires. This is a special
configuration that is used in areas of heavy
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b1cyc1e traffic such as near the University of
California at Davis.

Wind two successive layers.
Each layer is as shown below
with same direction of winding

Ny

4

4-

v, 7.

Winding

& 4

Sawcut

Figure 93, Wide coverage bicycle loop.

One method of bicycle detection is to place loops
within the traveled area of a bike lane that will
reliably detect bicycles and provide an adjustable
timed call extension to hold the call to the controller
long enough for the bicycle to clear the intersection

when operating in a Loop Occupancy mode. An
appropriate design that is essentially two
quadrupoles side by side is shown in Figure 94.
The 4 1/2- x 6-ft (1.4- x 1.8-m) configuration
provides assurance of detecting all bicycles and
complete adjacent lane rejection.

j« 547 »|
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4 Turn
Direction

of Travel
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Figure 94. Bicycle lane loop layout.

DETECTION OF LONG, HIGHBED

It is generally a good idea to allow long, high bed
vehicles (e.g., tandem trucks, semi-trailer trucks,
and cars pulling trailers) to travel through the
intersectionwithout stopping. Thereare three strong
reasons why long vehicles should not be stopped:

o Jack- lc'm'F'na of truck-trailers tendsto

oceur under heavy braking conditions.

¢ Afterstopping,alargevehicle requires
alonger start-up time delayingfollow-
ing traffic.

¢ Increased neise and air poliution are
associated with heavy truck start-up.
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One detection alternative for trucks consists of two
loops spaced 30 ft (9m) apart and located 302t (90.6
m) from the stop line (Ref. 25). This is the distance
that would be required for a loaded semi-trailer
traveling 45 mph (72 kph) to come to a safe stop. The
detector logic requires that the second loop be acti-
vated before the first loop is vacated.

One freeway program (in Detroit) required that all
vehicles be detected as a single entity, including
high-bed trucks, semi-trailers, and tanker trucks as
well as conventional vehicles. Their test of three
turn 6- x 6-ft (1.8- x 1.8-m) loops did not adequately
satisfy their requirement. After numerous trials,
the agency determined that a seven turn 6- x 6-ft
(1.8- x 1.8-m) loop rotated 45 degrees to form a dia-
mond shape was superior particularly in their accu-
racy in detecting trucks. The diamond shape was
further refined by carefully adjusting the angles of
the diamond to avoid splashover (Ref, 25).

One manufacturer states that the ability to detect
trucks reliably due to configuration change is not
due to the diamond shape of the loop as suggested
above. Rather it is due to the increased number of
turns which increases the inductance of the loop.
The amount of signal received by the detector is
dependent on the loop inductance to lead-in cable
inductance ratio. Simply stated, when the loop
inductance tolead-in cable inductance ratio is equal
to one, then the amount of change seen by the
detector is 1/2 the change occurring in the loop. By
increasing the loop inductance (by increasing the
number of turns to seven), Detroit has greatly in-
creased the amount of change received at the detec-
tor, thereby, resulting in more reliable detection of
high bed trucks,

QUEUE DETECTION

Freeways that are operating under congested condi-
tions are likely to periodically result in heavy vol-
umes on off-ramps. When these off-ramps termi-
nate at a signalized intersection, backups can ex-
tend tothe freewaylanes, causing even more conges-
tion. Depending upon agency policy, it may be
desirable to detect and discharge such queuesbefore
they become a freeway problem.

One solution uses an actuated econtroller with a
queue discharge system consisting of a queue detec-

tor with a built-in delay time (Ref. 21). As shownin
Figure 95, the queue detector loop is located at a
strategic position at the upstream end of the off-
ramp. A timer starts when a vehicle enters the
detection zone of the gueue detector and resets to 0
when the vehicle exits the zone of detection. Ifthe
system times a predetermined number of seconds,
the detector’s normal output relay is energized.

Ifthe queue of vehicles waiting at the red indication
extends upstream to the queue detector, a vehicle
will be over the loop longer than the selected delay
time. When the delay timer times out, the detector
logic issues a signal to discharge the queue. The
green signal will remain on until all vehicles are
moving with gaps longer than the loop itself.

The detection loop must be long enough to span the
distance between standing vehicles. Concomitantly,
it must be shorter than the shortest gap in moving
traffic so that the breaks between moving vehicles
will cause the delay timer to reset. This latter
consideration can be critical when the queue detec-
tor covers two or more lanes. A loop length of 30 ft
(9 m) will generally satisfy this criteria.

Surface Street, A

' gff
amp
2B :

Normal @B
Detector
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£ /
Queue Detector
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Figure 95. Queue discharge system.
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DETECTOR DESIGN FOR TRAFFIC
CONTROL SYSTEMS

The detector requirements for area-wide traffic
control systems are dependent on the type of control
to be implemented. Time-of-day control does not
require detectorization as itis basically a time-clock
operation. First generation traffic responsive con-
trol and other advanced control strategies dorequire
a system of detectors capable of early identification
of traffictrends within a system. It must providean
early indication of a peak period for the beginning of
heavy traffic. Thus, the detectors must be placed on
heavily traveled links with traffic patterns repre-
sentative of the significant flows within a section of
the area-wide system,

The application of detectors in various forms of
traffic control systems was defined in Chapter 3.
Detector design considerations for trafficresponsive
traffic control systems are discussed below.

Accuracy Goals

When designing a detector surveillance system for
use in computerized traffic control systems, the use
of the gathered data and measures to be collected
must be considered. As discussed in Chapter 3,
volume and occupancy can be measured effectively.
The remaining variables are only rough approxima-
tions of the actual conditions. In estimating link-
specificvolumes, three components of error combine
to limit the accuracy potential of each of the control
variables. These are:

¢ A measurement error in the data on
which the predictor operates.

* A prediction error in estimating the
underlying mean.

* A component, reflecting the random-
ness of traffic.

The data error can be expressed as X percent proba-
bility that the error would be within Y percent. A
normal distribution is assumed for the mean value
of a large sample. The count error for First Genera-
tion UTCS critical intersection control was plus or
minus three vehicles 90 percent of the time (Ref. 26).

For determining measures of effectiveness, several
filtering and smoothing techniques may be used. A
filtering equation is used which takes the old
smoothed value (like volume) and determines the
difference between it and the latest unsmoothed
value. The difference is used to update the value of
the smoothed data.

Another error is introduced for vehicle presence
because the computer is not observing vehicle pres-
ence continuously, but is sampling. This resultsin
anerrorinoccupancy and speed computations. There
will always be a sampling error that increases as
vehicle speed increases. This error cannot be elimi-
nated, but can be decreased by increasing the sam-
pling rate. Ref. 27 describes how to compute the
percent sampling rate as well asfiltering and smooth-
ing techniques.

Link Selection for CIC

The location of detectors in a traffic control system
is a three step process. First, links are selected for
detectorization. The lateral and longitudinal detec-
tor placements are then determined. The link selec-
tion must consider each function in the sequence,
beginning with intersections which are candidates
for Critical Intersection Control (CIC). Candidate
intersections are those that could take advantage of
variable split, but which operate in an unsaturated
condition. When detectorizing an intersection to
operate under CIC, all approaches served by phases
with variable green times must be detectorized. The
step-by-step process for determining CIC candi-
dates is given in Ref, 28.

The need for measuring general traffic trends will
probably be satisfied by the CIC detectors in area-
wide surveillance systems. If this type of detectori-
zation has not been installed, detectors should be
located on major collectors or distributors to the
network to obtain system trends with a minimum of
instrumentation. Another group of candidates for
this type of detectorization are entrances and exits
of large parking facilities that would have a signifi-
cant effect on local traffic conditions.

The location of detectors to evaluate system opera-
tion s, to a large extent, dependent upon the degree
of accuracy required by the evaluation. If a general
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evaluation of changes in system operations is de-
sired, the detector placement for traffic responsive
operation would be adequate. If a more detailed
evaluation is required such that speed and delays
can be determined, it will be necessary to increase
the number of detectors within the system. The cost
of this degree of detectorization may suggest that
other technigques be employed.

T.ane Seloction
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It has been demonstrated that a single detector in
thelane carrying the maximum through volume will
be the most representative of the traffic to which the
signal mustrespond. Moreover, the signal should be
timed for critical lane volumes. However, it is not
possible to derive reliable total volumes from a
single detector. Yet, multiple loop detectors located
in noncritical Ianes may introduce errors that ex-
ceed the value of the data they provide as they are
measuring parking vehicles, turning vehicles, etc.
(unlessindividual lane detection isused). Thus, the

most reliable data is derived from the critical lane.
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greatest volume) is usually easy to identify by ob-
serving the length of queues at the intersection.

At locations where the critical lane changes with
time of day, multiple lanes should be detectorized
and the time of day factors used in the software to
select the detector currently measuring true eritical
lane volumes.

Field measurements should be made of the traffic
volumes on each lane of an approach (Ref. 5). Aver-
age lane volumes per cycle are computed and com-
pared with the tentative critical lane. There arefour
conditions that will require engineering judgment,

including project priorities and a knowledge of indi-
vidual link traffic. These conditions include:

* Approaches where one lane is always
critical.

* Approaches where the critical lane
shifts between two lanes, but the
differenceinvolumeis notgreator the
shift is infrequent.

* Approaches where shifts in eritical
lanes are significant.

* Approachesexhibiting specific critical
lanes during peak hours, but, for vari-
ous reasons, erratic shifts in critical
lanes occur during non-peak periods.

It is unusual for more than two lanes to require
detectorization and most often only one lane will
need a detector. After the critical lanes have been
identified for the links to be detectorized, it is neces-
sary to determine the longitudinal placement of the

LY
detectors on the links,

Longitudinal Placement

There are two guidelines for the longitudinal place-
ment of detectors for signal system control. One
relates to the upstream intersection and the second
refers to the downstream intersection. From the
upstream intersection, a detector should be down-
stream from the zone of acceleration of vehicles
entering the link. A distance of approximately 230
ft (69 m) is recommended.

From the downstream intersection, the detector
should be upstream from the point beyond which
standing queues of vehicles do not usually extend.
Although this distance is a function of the cycle
length, split, and offset, it is recommended that
values of 200 to 250 ft (60 to 75 m) be used in urban
grid areas and values of 300 to 350 ft (90 to 105 m)
be used in suburban arterial systems. When both
criteria cannot be met, the criteria based on typical
queue size is considered the more critical.

One additional longitudinal detector placement is-
sueisinthe location with respect to traffic sinks and
sources (e. g parkingfacilities) Detector p]acement
research has shown that a sink/source has a mini-
mal effect on traffic measured in the critical lane
when the facility is operated as a sink such as a
parking garage during the morning peak. Turns
inte the garage are made from the curb lane which
is not usually the critical lane.

Only during the evening peak hour when the garage
is functioning as a source are there measurable
effects on the critical lane. An evaluation of the
paths of vehicles entering the lane from a source
showed that most vehicles wait for a sufficient gap to
enter the specific lane within the link. It is sug-
gested that a eritical lane detector belocated at least
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50 ft (15 m) downstream from the source, provided
that the downstream intersection criteria is not
violated. In general, unless the source contributes
more than 40 vehicles per hour to the critical lane,
the effect of a source on the link demand is not
significant.

System Detector Location Summary

The information developed in earlier tasks will re-
sult in the selection of links to be detectorized, the
lanes in which the detector should be placed, and an
approximate location with respect to the upstream
and downstream intersections. With this informa-
tion shown on a map, a field visit should be con-
ducted for each link.

A “walk through” by the designer will permit the
selection of final locations considering access to the
control equipment, special driveway problems, or
other roadway or parking conditions. Each location
must pass a reasonableness test as well as the
analytical test.

Several general guidelines have been suggested con-
cerning the field location ofindividual loop detectors
(Ref. 28):

¢ A detector should be located in the
center of the traffic flow, not necessar-
ily in the center of the marked lane.
The center of the traffic flow can usu-
ally be identified by the oil markings
or tire tracks on the pavement.

* The detector should be located in the
areas of stable traffic flow. Sections of
alink with excessive weaving or heav-
ily impacted by entering and exiting
driveways should be avoided.

¢ Where a major driveway is located
within a link, the detector should be
located at least 50 ft (15 m) down-
stream from the driveway provided
the detector is at least 200 ft (60 m)
upstream of the stop line.

¢ Trafficdetectors should not belocated
within 10 ft (8 m) of any manhole,

water valve, or other appurtenance
located within the roadway. This
distance is required to permit suffi-
cient clearance for work on the man-
hole without disturbing the detector.

In summary, the final decision concerning the loca-
tion of detectors for advanced traffic control strate-
giesis a blend of analytical procedures coupled with
engineering judgment. It must be recognized that
not all links can be instrumented to yield input
measures within the accuracy required by the algo-
rithms. Short links, and links with extremely poor
lane discipline are typical of those that are not com-
patible with accurate instrumentation.

LOOP DETECTOR ELECTRONIC
UNIT

The operational characteristics of the various types
of detector electronicunits being manufactured today
are discussed in detail in Chapter 2. Requirements
for loop detector electronic devices are included in
both the NEMA Standards and the Type 170 Speci-
fications (see Appendices I and J). The NEMA
Standards define a series of self-contained loop
detector units designed for shelf mounting. It also
describes a card-type detector unit designed to in-
sert into a multi-card detector housing rack. The
revised NEMA Standards (TS-2) are expected to
emphasize card-rack mounted units. The Type 170
Specifications define card-type detector modulesonly,
that are designed for insertion into the input file of
the cabinet system.

The NEMA detector units are available with either
one, two, or four independent detector channels per
unit. Some agencies insist on using only single
channel detector units because they believe that
failures in the unit can be more easily corrected by
replacing a single unit rather thanhaving to replace
a multiple channel unit for a single channel failure.
Current reliability of detector units makes this
argument obsolete. The rack-mounted modules used
in the Type 170 system contain either two or four
independent channels.

The NEMA Standards also define optional timing
features, allowing for the delaying or the extension
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of the detector output. Inthe delayed call mode, the
detector will wait a user-defined period after a ve-
hicle enters the detection area, before it starts the
output signal. Inthe extended ¢all mode, the detec-
tor will extend the output after the vehicleleaves the
detection area. The Type 170 detector does not
provide this capability as it is normally performed
by software in the controller unit itself.

MAGNETOMETER

CONFIGURATIONS

The magnetometer detector system consists of one
or more magnetometer sensors (probes), the magne-
tometer detector unit, and the lead-in cable between
the sensor and the detector unit. A typical magne-
tometer installation was shown earlier in Figure 36.

The probe sensorinstallation is shown in Figure 96.

As described in Chapter 2, the magnetometer is a
passive device. There is no radiated field or cone of
detection. The probe-type sensor detectsachangein
the vertical component of the Earth’s magnetic field
caused by the passage or presence of a vehicle. The
magnetometers, like the inductive loop detector, can
be used for either passage or presence detection.

Drill hole with
diameter equal to
that of sensing
element + 1/8"

Depth as
L recommended
. by manufacturer.
Epoxy fill
L 5
Coverwith disk, e ompact
notched for cable. sand fill

Caulk to prevent
absorbtion of epoxy
by sand fill.

Pavement

Magnetometer T
sensing element. Treated base
instali ievel.

Figure 98. Typical magnetometer probe installation.

Because the probes are buried in a drilled hole
approximately 18 in (0.5 m) below the surface, they
are primarily used in the northeastern United States
where the pavement deteriorates more rapidly due
to thermal expansion and contraction and suffers
damage frﬂm Snnw-rpmoval eﬂu]_ﬂm_ent ]T-hPV are

also used in areas where loops cannet be cut in the
road surface, such as on steel bridge decks.

The conﬁguration for a magnetometer installation
is ut‘:pt‘:i‘lut‘:i‘ib on a number of factors that must be
considered. Indesigningthe optimum configuration
for a specific location, it is necessary to determine
the best tradeoff between these factors. The follow-
ing section discusses these factors and their impact

on the ultimate configuration.

SITE SELECTION

Magnetometers will detect a vehicle whenever a
sufficiently intense portion of its magnetic shadow
falls on a probe. The dimensions of a vehicle’s
magnetic shadow general]y approximates the geo-
metric dimension of the vehicle. In some cases, the
magnetic shadow may be offset by a few feet in any

direction.

SENSITIVITY

Detection units for the magnetometers typically

provide two independent detection channels. Each
channel may have up to 8 probes connected o its
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input device. If only one probe per channel is
installed in the street, the entire channel sensitivity
is available to that single probe. However, as the
number of probes per channel is increased, the
sensitivity is divided among the probes, thus de-
creasing the sensitivity of each separate probe. For
example, when four probes are connected to a single
channel, the total channel sensitivity remains the
same, but the sensitivity at each probe will be
reduced to one-fourth of the channel sensitivity.

It is therefore necessary to determine what type of
vehicles are to be detected in order to select the

proper spacing between probes and te define how

many probes might be tied in together per channel.

- The number of probes required per lane and their -

optimum cross-lane position is determined by the
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lane width and the size of the vehicles to be detected.
As a general rule, some portion of the vehicle must
pass over a probe to be detected. Some general
guidelines for the number of probes for a given type
of vehicle and the number of probes per channel are

m"fﬂﬂ }\n]nm
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« Auto, Trucks, and Buses: Install
probes at § ft (1.5 m) intervals. Six
probes per ¢channel maximum.

» Motorcycles (300 cc and larger):
Install probes at 4- ft (1.2-m) inter-
vals. Four probes per channel maxi-
mum.

+ Motor Bikes (70-300 c¢): Install
probes at 3-ft (0.3-m) intervals. Three
probes per channel maximum.

=  Bicycles: Install probes at 3-ft (0.9-
m) intervals. Two or three probes per
channel.

The magnetometer detection system will operate
properly at latitudes north and south of the narrow
equatorial band. Sites should be chosen to avoid
conditions that would adversely affect operation,
such as: adjacent to manholes or large pipes; near
very high current transmission lines, trolley lines,
or underground power lines; or within tunnels or
other enclosing iron structures.

antlvtha Aatantarafehnicro
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on bridge decks Figure 97 illustrates a typical
bridge deck installation. The presence of the steel
deck over or under the probe has little effect on
system performance. However, vertical structural
steel members may detract from performance by
reducing the intensity of the adjacent ambient
magnetic field. As with loops, the most appropriate
location for the probes is at the maximum distance
from the steel supports or columns as shown in the
illustration.

Jfonna+nm n+a o

Amagneticfield analyzer should be used to measure
the intensity of the magnetic environment at the

cnlandad 3
selected location.

2 Trvgbaerran
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magnetic field intensity, magnetic noise, and a.c.
magnetic field strength. It is especially useful at
locations where the use of magnetometers is ques-

Confirm

such "Good

Location

locations by
measuremerl/

[ 5
\ Non Ferrous

Stee! }
or Other
Brldge Deck

Magnetic Lines __j

gﬁ/‘——

Steel Protective

Structural Container
Members,
Columns, etc.

Figure 97. Typical bridge deck installation.

tionable (e.g. within tunnels, near large electrical
devices, etc). A typical magnetic field analyzer is
shown in Figure 98,

There are some situations where manmade mag-
netic noise is of sufficient intensity to impair per-
formance of the magnetometer. These situations

Figure 98. Magnetic field analyzer.
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occur at sites where non-vehicular induced mag-
netic field changes exceed 5.9 millicersted. Mag-
netic field changes of this magnitude are almost
always man-made, such as street car lines, some

trolley bus lines, subway trains, or nearby elevators.
However, few sources are of sufficient intensitv to
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affecta detector probe located more than 30 ft (9 m)
from the source.

L PLACEMENT

The optimum lateral placement of probesinalaneis
determined by such factors as the width of the
narrowest vehicle to be detected, the lane width, and
the detection quality required. Some part of the
magnetic shadow of the vehicle must fall on one or
more of the probes for detection to occur. Conse-

guently, the maximum probe spacing is equal to the
width of the narrowest vehicle to be detectad. Sinee
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most autos, trucks, and buses are wider than 5ft (1.5
m), asingle probe centered ina 10-ft (3-m)lane would
generally provide adequate performance. Ina 12-ft
{3.7-m) lane, a single probe may fail to detect some
of the smali vehicles traveling near the edge of the
lane.

By increasing the number of probes to two per lane,
virtually all four-wheeled vehicles within a 12-ft
(3.7-m) lane would be detected. In this type of con-
figuration, probes should be placed no further than
5t (1.5 m) from each lane boundary. Furthermore,
if bicycles are to be detected, more probes per lane

may be needed.

In general, the quality of detection improves as the
number of probes per laneisincreased because ofthe
special averaging which results when the magnetic
shadow of a vehicle falls on several probes judi-
ciously spaced. Reduction in field intensity at one
lateral position may be compensated for byi increases
at other positions.

PROBE DEPTH

Vertical placement of probes is an important deter-
minant of system performance properties. Deep
placement such as 18 in (45 ¢m) to 24 in (60 em)
provides good single count vehicle presence detec-
tion, but results in a lower signal level. Conversely,

shallow placement, say 6in (15 cm), provides higher

signal levels, but with an increased incidence of mul-
tiple counts per vehicle. Multiple counts with shal-
low placement result primarily from the passage of
major components of the vehicle such as engine,
transmission, and differential, each of which may

prnr‘nnn a sanarate maonsatie nerturhation. Bv in-
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creasing the depth to 18 to 24 in (45 to 60 cm), most
vehicles yield a single perturbation of the magnetic
field as the deeply buried probes sense the overall
magnetic bulk of the vehicle rather than details of
the understructure.

In summary, for detection application where only
passage informationisrequired and where multiple
counts are not detrimental, probes should be located
near the surface. Similarly, in constant speed appli-
cations where the time extension feature of the
extendable presence mode can be used effectively,
probes may be located near the surface. Small two-
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develop narrow, low intensity shadows. Their detec-
tion also requires shallow place of probes.

ED CONFIGURATIONS

There are a number of configurations of probe place-
ments. Some typical designs are presented in Ap-
pendix L. These examples illustrate the various
tradeoffs that are available with probe depth and
lateral distances between the probes. The examples
include configuratiens for single lane, two, and three
lane detection, wide lane detection, and detection for
two-wheeled veh;cles Also shown are some sug-
gested configurations for left turn lanes with zones
of detection ranging from 30 to 70 ft (9 to 21 m).
Figure 99 depicts detector configurations for various
modes of operation.

WIRE SIZE AND CABLE SELECTION

Minimum wire size is determined by the cable length
and the number of probes per channel. The probe
excitation circuit provides current at a constant 125
milliamperes peak-to-peak, butislimited toa 15 volt
peak-to-peak swing (see Chapber 2). Maximum
allowable pi‘Ouc cable assemmy resistance is there-
fore 125 ohms. At resistance levels below this limit,
system operation ig normal. At higher registance
levels, instability and performance degradation will

occur.
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Effective resistance of each probe is approximately
4 ohms, Probes on the channel are connected in
series electronically so their resistance is additive.
Allowable cable resistance is 120 ohms less the sum
ofthe proberesistances. AWG #22 copper wire pairs
have aloop resistance (going and returning total) of
35 ohms per 1,000 £t (300 m), AWG #20 pairshave 20
ohms, and AWG #18 pairs have 13 ohms. Because of
the changes in wire resistance with temperature, it
isrecommended that #18 AWGwire be used on cable
runs exceeding 2,000 ft (600 m) in climates where
extreme temperature ranges are typical.

Interconnection of the magnetometer detector and
probes requires two pair of conductors per channel.
One pair supplies the probe excitation current and
the other carries the return signal. Properties ofthe
cable become especially significant in long transmis-

Mode of Operation
Presence Pulse
Call/Passage Count
[
‘4.—/ .‘{ .-./-—

Multiple lanes to One channel per lane

one channel
Speed/Occupancy Speed measurement
gl
a7 | ™

4*./

One channel per lane

ool d[dT

Two channels per lane

Ciassification
(speed/length)

el
o|odedled]

Two channels per
lane

La de area presence

G2

Two channels per lane
Alternate sets of probes
(2,4, or 6 probes per
channel)

Figure 89. Magnetometer probe placement.

sion distances of over 2,000 ft (600 m). The cables
should combine distance capability with high noise
immunity and environmental tolerance.

Asdiscussed earlier, up to 12 probes perchannel can
be used. However, as the number of probes in-
creases, the allowable lead-in length decreases.
Generally, the lead-in length should not exceed
4,000 £t (1,200 m) for a 12 probe per channel instal-
lation. If, on the other hand, 6 probes per channel
are used, the lead-in length should not exceed 5,000
ft. (1,500 m).

MAGNETIC DETECTOR
CONFIGURATION

Although the magnetic detector was developed in
the 1930's, it is still in use today particularly where
deteriorated pavement and/or frost activity tend to
contribute to the failure of loop detector wires. It is
also used where it is degirable to install detection
without cutting the pavement. While this form of
detection is inexpensive, reliable, and simple, it is
suitable only for pulse output in traffic actuated
signal control and traffic volume counting.

As described in Chapter 2, the magnetic detector
operates on the basis of a change in the lines of flux
from the Earth’s magnetic field. A typical magnetic
detector probe is shown in Figure 100. A coil of wire
with a highly permeable core is placed below the
surface of aroadway. When a metallic object suchas
avehicle comes near or passes over the coil, the con-
stant lines of flux passing through the coil are
deflected by the vehicle, thus inducing a voltage in

Figure 100. Typical magnetic probe.
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the coil. A high-gain amplifier then enables this
voltage to gperate a relay which sends a message to
the controller that a vehicle has been detected.

The following discussion is limited to the non-com-

noancating farm af maomnatis Aatantara
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The nofi-
compensating detector is a tube approximately 2in
(56 em) in diameter and 20 in (50 cm) long placed

below the surface of the pavement.

MAGNETIC DETECTOR PROBE
PLACEMENT

The placement of the probe is particularly impor-
tant to the proper operation of this detector system.
Since the probe detects changes in the magnetic
field, a vehicle must be moving at a speed greater
that 5 mph (8 kph) This means that it must be

1 A F hLanl £ o ot 13 wha
placea iar eﬂﬁugu back from the stop line where

vehicles are normally in motion (generally at least
50 ft (15 m)). It must also be placed in the most
appropriate location in the lane to generate a suffi-
ciently strong impulse to register a detection.

Distance from the Stop Line

The set-back distance of the probe from the stop line
is based on the desirable allowable gap. For ex-
ample, assume an allowable gap (therefore passage
time) of 3 seconds. Then, on a street with an
observed speed of 30 mph (48 kph) the probe would
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The graphs shownin Figure 101 identifies the proper
location of the probe relative to the stop line based on
an allowable gap of 2, 3, 4, or 5 seconds.

Lateral Placement of Probe

In a single lane approach, the optimal location is
under the pathnormally followed by the right wheels
of the vehicle as shown in Figure 102. On atwolane
approach where a single probe is used, the probe
should be placed between the lanes to provide satis-
factory coverage. If the right lane of a multi-lane
approach is designated for right turning traffic, the
probe should be located in the middle of the through
lane to minimize the effect of vehicles in the right

turn lane.
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Figure 101. Proper location of magnetic probe.

A common practice for multi-lane approaches, is to
place a probe in each lane. Insuch designs, the probe
should be placed under the right wheeltrackin each
lane. Up to three probes can be placed in a conduit.
When the magnetic probes are to be placed in a new

rnnﬂwﬂv multinle conduits should he used one
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probe per conduit. In an existing road, conduit runs
should be kept to a minimum; thus more than cne
probe may be placed in a conduit.
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| I |

Two Lane

T Single Lane

<=

Figure 102. Magnetic probe location.
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SENSITIVITY

When two or more probes are used on different
approaches of the same traffic phase, they should be
placed in similar locations (if possible) so the dis-

vwaha u

. . ;
tance each probe will have to cover will be the same.

This will allow for the sensitivity of all detectors to
be adjusted by the single sensitivity adjusting knob

on the detector unit.

The probe sensor will generate an impulse in re-
sponse to any change in the magnetic conditions
surrounding it: The strength of the impulse is

proportional to the change in the magnetic field.
Changes in the magnetic field can be caused by
movement ofiron or steel objects in the vicinity or by
changes of current in power wires. With the probe
placed as close as possible to the path of the vehicles,
the strength of the impulses cansed by these vehi-
cles will be maximized. Impulses caused by traffic
moving in other lanes or by current changes in
nearby wire will be minimized. The sensitivity of
the detector canbe turned downuntil theunwanted
impulses are not strong enough to actuate the relay,
while the impulses from vehicles in the proper lanes
will be strong enough to actuate.
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5. INSTALLATION

Installation may be considered by some as the sim-
plest, most straightforward activity in the process of
implementing detection capabilities. When detector
theory and application have been reviewed and the

[> 5 o ¥} "\ﬂ‘)‘ﬂ l-\nn“ f‘ﬂ"ﬂ‘
design, specifications, and plans have been devel-

oped, installationmay appear relatively easy. Among
all the complicated engineering activities already
undertaken, surely the mechanical task of cutting a
slotin the pavement, laying turns of wire in the slot,
covering it with sealant, splicing it to the cable, and
contiecting the cable to the electronic unit in the
controller cabinet would not seem to present a diffi-
cult challenge.

In reality, this seemingly uncomplicated activity is
the most crucial process in the chain of events.
Improperor "sloppy” installation causes many ofthe
detector failures and signal malfunctions. There is

m i™m ] in +tho ovctam +
no more important activity in the system t

effective operation.

For example, consider that the detection element
represents about 4 to 10 percent of the cost of imple-
mentingintersection traffic control, yet accountsfor
a significant portion of maintenance dollars, More-
over, as traffic congestion and delay become a more
urgent problem, and traffic control equipment be-
comes more sophisticated to better manage this
traffic, dependence on properly functioning detec-
tors becomes more important.

This chapter is specifically addressed to project en-
gineers, contractors, inspectors, field crew supervi-
sors, and traffic technicians. Itbegins with a discus-
sion of pre-installation activities, regardless of the
type of detector selected. To underscore the critical-
ity of the installation process, the magnitude and

causes of loop detector failure are then addressed,

The various activities comprising the process of
installing loop detectors in existing roadways are
then described, followed by a discussion of loop
installation in newroadways or as partofarepaving

~orocess. Installation of magnetometers and mag-

retic detectors is discussed later in the chapter.

TYPICAL PRE-INSTALLATION
ACTIVITIES

The design of the detector system (see Chapter 4)
involves a number of decisions that must be made
previous to installation, These decisions include
specifications for the type and configuration of the
detector hardware necessary to tneet previously

roante and a nre alivn
identified operational requirements, and a prelimi-

nary plan of the location,

Pre-installation activities should include a thorough
review of the design documents, preparation of scale
drawings, and field visits to the loecation. Upon
completion of these activities, the engineer is ready
tohand the job over tothe installation crew foreman
or the contractor who must then develop manpower
estimates, and material and equipment require-
ments. All information should be clearly defined
and complete so that installation ¢an proceed in an
orderly manner.

SCALE DRAWING OF LOCATION

A scale drawing of the location showing the correct
geometry of the roadway and the exact location of
the in-road sensor element in relation to the pave-
ment markings should be prepared. The drawing
should also show the location and content of conduit,
manholes, power sources, pavement materials, and

e ith #ha
electrical equipment that would interface with the

installation. The accuracy of this drawing is of great
importance to effective installation as it will become
the basic guideline for the installation crew as well
as a part of the procurement package if the installa-
tion is to be performed by a contractor.

The completed drawing should be reviewed with the
design engineer to insure that the loops (or probes)
are located as specified in the configuration design
and in areas free of underground or underpavement
hardware that could interfere with proper opera-
tions.
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FIELD VISITS

Field visits to the site of the installation should be
made before and after the scale construction draw-
ing is made. Prior to preparing the drawing, a field
""Sl" u'l—an-n]r‘ ]r\o madn +n 1n1rnn'l'n'rv f]‘\n exl r:hno' r-nnd1-

tions and to identify any potent1al problem areas
such as pavement joints, which may affect loop
design.

As a result of this visit, the project engineer should
then determine the method for burying cables and
the types of equipment needed for the installation
strategy. The method of traffic routing and control
during installation should also be determined in-
cluding the position and quantity of barricades or
cones that may be needed for traffic control. Finally,
the permits and licenses required for installation
should be identified.

Theinformation cbtained from theinitial visit should
be incorporated into the plan drawings. After the
drawings are completed, a second field visit should
be made to verify their accuracy.

MANPOWER ESTIMATES

If the installation is to be preformed by an in-house
(force account) crew, the next step would be to
estimate manpower requirements. The plans will
provide sufficient information to determine the scope
of the ingtallation work, the amount of time re-

qun-ed, and the gize of the crew neces sary to nprf@rm

the installation. Depending upon the size of the
crew, many of the tasks can be performed simultane-
ously to reduce the total time that traffic would be
disrupted.

EQUIPMENTREQUIREMENTS

It is also necessary to determine the equipment
required for the installation. The type and configu-
ration of the detector system will, in effect, dictate
the equipment necessary for installation. Table 18
lists the commonly used equipment for a normal

netallatinan of lann det 3
installation of 100D detectors. “ﬂrr}{:adﬂs, sgns,

cones, safety vests, and other devices will also be re-
quired to control traffic safely during the installa-
tion procedure.

Table 18. Equipment for typical loop installation.

Item

Description
Seli-propelled 18-65 hp saw equipped
with 1/4 to 3/8 in (6.4 o 9.5 mm) thick
Power Saw blade (abrasive or diamond), water
valve, depth gauge, and horizontal
guide
Water Supply For use with diamond blade to cool
blade and clean out saw slots
For boring holes through concrete

Jackhammer

cutb

Air Compressor

For use with jackhammer and to clean
and dry sawed slots '

Chisel & Hammer

For removal of sharp edges at corners
of saw cuts

Blunt Taol Such as a-wooden stirting stick for
seating wire in saw slot

Twister To provide symmetrical twists of the

: lead-in wires

Template/ For marking outlines of Iodps on

Straight Edge pavement

Tran~ hmﬂ g able in .4

Trenchin burying cable in dirt

machlne

Megohmeter & | For inspecting and testing wire

Volt/Ohm Meter

continuity and resistance

To test continuity and inductance of
the loop

Solderihg Iron

Either a butane torch with a soldering
tip or an electric seldering iron for
solder connections

Measuring Tape

Minimum 100-it (33-m) tape for exact
measurements for placement of loops

In addition to the equipment listed in Table 18, the
installation of magnetometers requires a drill and
bit to bore the vertical hole in the roadway for the
probe. Additional equipment required for installing
magnetic detectors includes: abackhoe, ahorizontal
boring machine, a level, and a tamping machine.

MATERIALREQUIREMENTS

.
As with manpower and equipment, the type and

amount of material that will be needed should be

determined. Care should be exercised to assure that 'd—

all materials are provided in ample quantities to
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avoid any interruptions of work on the street due to
lack of materials. A typical material list for loop
installations is provided in Table 18.

LOOP DETECTOR INSTALLATION

The loop detector system is composed of a wire
loop(s) embedded in the pavement (the sensor), a
splice between the lead-in wire and the lead-in cable
in the pull box, the lead-in cable (usually in a con-
duit) running to the terminal strip in the controller
cabinet, a cable from the terminal strip to the elec-
tronic detector unit, and finally, the detector unit
itself. The relationship of these various components
is illustrated in Figure 103.

This section will initially present an overview of
installation techniques. Loop failures as they relate
to installation will then he discussed. Finally, con-

ventional loop installations in existing roadways
will be addressed in terms of the most commonly

used techniques and materials. Unique installa-

( /,-\‘_tmns are discussed later in this chapter.

. Detector Installation - Chapter 5
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Table 19. Typical required materials.

ltem Usage
Detector Wire To form the loop and the lead-in wires
To connect the detector lead-in wire
Lead-In Cable in the pull box to the electronic unit in
the controller cabinet
To house and provide access to the
Pull Boxes connection (splice) between the
lead-in wire and the lead-in cable
Sealant To seai saw cuis

Cement, Sand,

To dust on saw cut after sealant has

or Talc been emplaced to prevent tracking
Concrete For setting pull boxes

Surge Valtage If nacessary, to provide protection
Protector in the controller cabinet

Solder For making splices

Splice Kits (or F . i i i
equivalent) or environmentally sealing splices

Spray Paint or
Chalk and Line

For outlining loop for saweutting

Green

’ l Qrange

Loop Input

Loop Input

Loop Detector Amplifier
Chassis Ground

7
2

Shield and
Twisted Pair

Field
Terminals

L@@@@@\@oﬂ
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|
i
|
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I

Controller
Cabinet

Fd

Id
P4
rd
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Field
Installation

Lead-In Cable

Ground
Rod

g\ ! {Twisted Pair-Shielded)
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Shigld Drain Wire
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|
|
i

Insulate shield to prevent accidental grounding

Figure 103. Loop system schematic.
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INSTALLATION TECHNIQUES

Loop detectors are installed in pavement, either
asphalt or concrete, by cutting a slot, ¢cleaning and
drying the slot, laying in the detector wire, sealing
the sawcut, connecting the wire to the lead-in cable,
connecting the cable to the terminal strip in the
cabinet, and ensuring that the harness connects the
terminal strip to the electronic unit. The major field
steps in this process are shown in Figure 104. Dif-
ferences in installation techniques usually involve
the treatment of the corners where two saw cuts
intersect, splicing techniques, the type of sealant,

and the method of applying the particular sealant.
Even with this relatively simple installation proe-
ess, there are many different techniques used.

Installation techniques and theories vary widely
among traffic agencies. For example, a survey of
western states (Ref. 29) provided the variations
shown in Table 20. Procedures developed over the
years are frequently out-of-date or are no longer
effective, yet thereisoften great resistance to change.
In many cases, the installation of detectors is per-
formed by contractors who have their own shortcuts
(and shortcomings). The importance of appropriate

Table 20. Instaflation practices in western States.

State Type of Loop Saw Cut Cleaning Loop Lead-In Detector
Dimensions Method Wire Cable Mounting
6 x 6 ft square (3 turns) # 14 THNN | IMSAB0-2 or # 12
Alaska 6 x 20 ft (2 turns) — — Stranded twisted pair w/ Sheif
shield & drain
#12 RHW-USE 2 # 12 solid
6 x 6 ft square or diamond | W=1/4-1/2| Flush w/ {Neoprene or unshielded
California (3 turns) inch water and x-link 2#14o0r# 16 Rack
6 x 6 - 50 ft Quadrupole |D =1 3/4 inch blow out and| polyethelene | stranded, shielded
(2-4-2 or 1-2-1) dry w/ air stranded 4 # 18 stranded,
shielded
W =3/8 inch Model 20002
idaho 6x 6 ft square (2turns) | D=11/2inch Blowout | vehicle home- Belden 8227 Rack
{minimum} w/ air run cable (4 #
18 conductors)
Asphalt
€ x 6 ft square W=1/4inch| Blowout #12 XHHN
Montana 6 x 20 ft quadrupole D =2inch w/ air stranded Belden 8720 Shelf
{various # of turns) Concrete
W = 1/4 inch
D =1 1/4 inch
6 x B ft square {3 turns) # 12 RHW and
6 x 25 ft rectangle (2 turns)| W =1/4inch| Blow out XHHW IMSA 19-2 (Pair Mostly
Nevada 8 x 70 ft rectangle (1 turn) | D =2inch w/ air N. Nev - solid | communication Shelf
6 x 75 ft Quadrupole {1-2-1) S. Nev - cable w/ shield)
stranded
Single loop - Flush w/
4 x 4 ft diamond W =1/4 inch| water and # 14 THWN IMSA 50-2,
Oregon Series of loops - D =1inch blow out stranded ‘Belden 8720, or Rack
3 x 3 ft diamonds w/ air equivalent
{both 4 turns})
6 x 6 ft square (3 turns) # 14 THRN or
Utah 6 x 16 ft rectangle (3 turns) | W=1/4 inch| Blow out THNN Belden 8720, ot Shelf
- Bx>161t (2 tums) D =2inch w/ air stranded equivatent
& x 6 ft square (4 turns) | W= 1/4 inch #14 XLP, '
Washington 6 x 50 ft Quadrupole D=21/2103 Blow out RHH, or RHW AW 7311 or Shelf and
(2-4-2) inch w/ air or #12 XLP Belden 8718 Rack
stranded
NOTE: All states splice loop lead-in wire to lead-cable in the pull box. tin=254cm 1ft=03m
Lead-in cable runs to the controller are in conduit. Date of Survey: January, 1984 |
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Figure 104. Typical loop installation details.
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installation procedures in the long term operational
effectiveness of detectors cannot be overstressed.
Given that loop detectors are primarily installed by
contractors, it follows that construction supervision
and inspection by the responsible agencyisa critical
factor.

Recently, detector installations have become even
more varied. Because of the high failure rates
attributed to moisture or breaks in wire, the trend is
to encase and seal the loop wires in some type of
protective covering prior to sealing the sawcut. Some
agencies choose to prewind and bundle the loops in
the shop to ensure the proper number of turns and
to save on-street time. Other agencies use pre-
formed loops (i.e., the loop consists of 1/2- or 3/4-in
(12- or 19-mm) PVC pipe with the wire enclosed).
These loops require at least a 1-in (25-mm) wide slot
in the pavement rather than the narrow saw cut
used for conventional loops. Some agencies have
used wider slots (up to 4 in (100 mm)) to facilitate
placement of the preformed loop.

Because of their relatively harsh weather, Alaska
uses a very protective grade of preformed loop en-
closed in 1-in (25-mm) PVC pipe. They use Schedule
80 (instead of Schedule 40) PVC pipe with a #12
AWG crosslinked polyethelene wire with backer rod
fill to prevent damage caused by water encroach-
ment followed by freezing.

In addition, a great many detectors are now being
set in place during construction of a new roadway or
during repaving. InPuerto Rico, concrete slabs with
the detector loops in place are being used (see discus-
sion later in this chapter under Loop Installation
Alternatives). In this case, instead of a saweut to
house theloop wires, a section of roadwayisremoved
and replaced with a slab already containing the loop.
The slab concept can also be used with new road
construction.

DETECTOR FAILURES

The number of loop detector failures nationwide has
created deep concern in the traffic engineering
community and an aggressive efforthasbeenunder-
taken to determine the major causes of these fail-
ures so that they may be eliminated or minimized.
During the 1980’s, FHWA, in cooperation with vari-
ous State agencies, funded a number of studies of

detector failures. The objectives of these studies
were to quantify the scope of detector failures, to
identify the causes of failure, and to evaluate the
variousinstallation procedures (e.g. sawcutting and
cleaning slots) and materials (e.g. sealant, conduits,
wires and cables). The results of these studies are
briefly discussed below and are presented in Appen-
dix M.

Causes of Detector Failure

In loop detectors, the failure of the detector system
can likely be traced to the in-road detector sensor
(loop wire) or to the splice between the loop wire
lead-in with the lead-in cable. Since the introduc-
tion of the digital self-tuning electronic units, fail-
ure attributed to the amplifier/oscillator unit has all
but disappeared. Failures continue to plague agen-
cies still using the older units that are unable to
adjust to changes in temperature, moisture, or
changes within the loop and lead-in.

Loop failure literature is difficult to synthesize be-
cause of the different terminology used to define
failures. For example, one report may categorize a
failure as “break in loop wire.” This may be caused
by erumbling pavements, failure of the sealant, a
foreign substance in the slot, or any number of other
reasons. A report from another agency may report
this failure as “deteriorated pavement.”

Nomatter howfailures are categorized, the inescap-
able conclusion is that the predominant causes for
failures in the loop detector system can be amelio-
rated by improved installation techniques and vig-
ilant supervision and inspection.

Frequency of Failures

Considering the number of variables that may con-
tribute to loop detector failure, it is apparent that
failure rates will differ from agency to agency. In
addition, until recently, very few agencies main-
tained comprehensive records. Ifaloopfailed,it was
repaired or replaced as a signal maintenance activ-
ity. The cause of the failure, the age of the loop, the
condition of the pavement, etc. were not recorded.
Consequently, many of the surveys reported in the -
literature were based on subjective, after-the-fact
judgments.
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Perhaps the largest of the FHWA studies was con-
ducted by the State of New York. It was found that
of the 15,000 existing loop detectors maintained by
the State, 25 percent were not operating at any given
time. It was also found that, on the average, loop
installations generally operated maintenance free
for only 2 years (Ref. 30). This high failure rate
encouraged New York State to develop improved
installation methods described later.

The failure rate reported by New York is consistent
within the literature. For example, one district in
Minnesota reported an annual failure rate of 24
percent and Cincinnati, Ohio reported 29 percent
failures per year. It should be noted that these areas
have basically cold weather climates. Failure rates
in the sun-belt States are about the same, but the
causal factors differ.

Failure Mechanisms

As mentioned earlier, most failures originate in the
loop wire. Inreality, although the wire is where the

A Nailure occurs, it, in itself, is not necessarily the

precipitating cause of the failure. It may be consid-
ered as the effect of the failure caused by any one of
several breakdown mechanisms, such as poor pave-
ment, or poor installation of sealant which allows
the wire to float to the top and thus become vulner-
able to traffic,

Table 21 summarizes the results of a detector failure
survey of eight western States (Ref. 15). A more
definitive discussion of loop failures is presented in
Appendix M.

LOOP LAYOUT AND SAW CUTS

After securing the work zone with appropriate bar-
ricades, cones, etc. to divert traffic from the work
area, thefirst stepis to carefully mark the pavement
for the size and shape of the loop to be installed. This
isusually accomplished with either a lumber erayon,
chalk, or can of spray paint. Ifavailable, a template
of the proper size and shape should be used. How-
ever, a straight edge or a tightened string can be
used as a marking guide. It is critical that the
marking reflect the exact location as shown on the
construction plans.

Corner Treatment

Corner treatments vary among agencies. Tradition-
ally, a chamfer cut such as shown in Figure 105 has
beenused to ease the stress on the wire of a 90 degree
bend. These diagonal cuts are overlapped sothatthe
slotisat full depth at the turn points. The diagonal
cut should be far enough back from the corner to
prevent pavement breakout at these corners.

Table 21. Summary of loop detector failure survey.

Percent Installed by

State State Contractor Maijor Failures Remarks
Alaska 10 90 No loop failures reported Exclusive use of preformed loops

o Improper sealing and Uses preformed loops in poar
California 5 85 foreign material in saw slot pavement and dirt detours
ldaho 10 80 Improper sealing glgofgléltgaebflzr loops made of #
Montana 10 90 Improper sealing —

"Improper sealing and
Nevada 5 95 pavement deterioration -
Oregon 10 90 Improper sealing —
Utah 70 30 improper sealing and Used some praformed loops with
a pavement deterioration no failures
! . Improper sealing and Need bestter inspection to improve
| Washington 10 90 foreign material in saw slot loop performance
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Approximately 12in ormoreis recommended. Some
agencies use a hexagonal, octagonal, or round loop
design in order to eliminate the sharp turnas well as
reducing “splashover A new technique for install-
ing round loops is presented later in this chapter

under Loop Installation Alternatives.

Cut diagonals to prevent
~—— sharp bends of wire

. A —3- Lead-in
f \ / Wire

N Ve

Y -

Overlap cut so that slot
at corner has full depth

Figure 105. Chamfer cut corner treatment.

Many agenmes have found that dlagonal cuts across -

the corners of loops cause the triangular portion of
the pavement to break up. Instead, 1-1/4-in(3.1-cm)
holes are drilled at the loop corners before the slots
are saw cut. Core drilling the corners is also faster
(15 seconds per drilled hole) and the integrity of the
pavementis preserved. This techniqueis illustrated
in Figure 106. The State of New York uses an
alternative to core-drilled corners (Ref. 30). With
this technique, straight sawcuts overlap at the cor-
ners (i.e., no diagenal saweuts) and then the inside
corner is chipped out using a small hand chisel and
hammer or small air-powered impact chisel to cut a
smooth curve for the wire to follow.

Saw Cutting Operations

The sawing of the slot for the loop wire is one of the
most time-consuming parts of the installation proc-
ess. The cost effectiveness of the saw-cutting opera-
tion is dependent on selecting the most appropriate

equipment and making sure that the equipment is

in good operating condition.

_J

To pull box

Figure 106, Core drilled corner treatment.

Overview of Saw Cuiting Equipmeni

Many saw types and sizes are available for cutting
slots. Formerly, many specifications for saw-cutting
equipment called for at least an 8 or 9 hp gasoline -
engine powered saw with a 1/4- or 3/8-in (64- or 96-
mm) abrasive or diamond blade. The abrasiveblade
was favored by some agencies as it was perceived to
be more economical. It could also be used for dry

cutting and therefore did not require a water supply

or produce a wet slurry that had to be cleaned out
with compressed air. Most agencies, however, argue
that the dust created by the dry-cutting method
using the abrasive blade was irritating and danger-
ous to the workers, motorists, and pedestrians.
Further, loop installers report that the abrasive
blade wears out quickly, requires too much time for
the cutting operation, and is difficult o maintain at
a constant depth in the slot.

Although abrasive blades are less expensive than
diamond blades on a per blade basis, the service life
is very short and is therefore not cost effective when
compared with the diamond blade. After a compre-
hensive evaluation of saw blades by the State of New
York, it was concluded that by using water cooling,
a diamond blade, and a higher horsepower saw,
cutting time could be reduced by two-thirds {when
compared to a dry cutting system) with only a slight

increaseininitial saw costs. Increased material cost.—..

could be reclaimed in a savings of time, labor, an
equipment longevity.
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Diamond Blade Design

Thedesign ofthe diamond bladeis a specialized area
of expertise. There are a number of manufacturers
with their own proprietary design. Generalization
concerning the best design is difficult because of the
difference in aggregate used in pavement surfaces.
The best blade for a specific site is one that matches
the cutting requirements (speed and pavement
hardness) to the requirements and condition of the

particular saw being used. The objectives guiding
diamond blade design include: 1) maximize blade
life, and 2) expose new diamond cutting edges only
after the surface chips are rounded to the point that
the blade no longer cuts efficiently.

The diamond chips are setin a matrix whichis laser-
welded to the blade blank. The requirement to cut

faster means exposing new diamond chips more
quickly. This, in turn, means a reduction in the life
of the blade. The matrix used to hold the diamond
chips must be matched to the speed of the saw. The
centrifugal force throws the diamond chips out when
the edges become rounded. By making the matrix
softer, cutting diamonds are released sooner and a
faster cuttingrateis possible. Increasing or decreas-
ing the power of the saw will require a change to a
blade suited for the particular saw and the speed at
which it wi

" ke
Willi OpEerdLe.

Saw Blade Trouble Shooting

Some ofthe problems that are experienced with saw
blades used in cutting pavements for loops and/or
magnetometers are presented in Table 22 (compiled

Table 22. Saw blade trouble shooting.

PROBLEM

POSSIBLE CAUSE

SOLUTION

Loss of cutting element - 1 or

mmro
[ -

Blade temperat

madaniiate wata
HiauSyualo wals

re too high and/ar

Return to Manufacturer for repair

Blade stops cutting, but
cutting elements appear ok

Blade too hard for application

Periodically redress blade on Haydite block or
silica brick

Vertical hair line cracks

appear in cutting elements or saw RPM's too high

Blade matrix metal too hard for application

Purchase new blade to match job requirements
and saw to be used

Vertical hair line cracks
appear in core below air gap

Cutting element bond too hard or improper,
blade tension for RPM's being used

Purchase blade with softer bond or drill a hole
at base of crack to check its growth

Horizontal hair line crack
appears at base of air gap

YTy T R O S

Blade wobbling due io imprope
tension, or cutting element bond too hard,
or bent arbor not tracking blade path

e Bl
T Diage

Replace blade and/or have blade reblanked

Arbor hole out of round

Saw mandrel scored or too small for blade

Replace or reblank blade. For minor damage,
ream out and use a reducer bushing

Under cutting of core below

the cutting element abrasive

Material being cut is excessively

Remove blade before cutting elements are lost.
Replace blade or have it reblanked if cutting is
to continue. A wear guard may be added in
reblanking process

Core dished - blade tension
lost

Bond may be 100 hard for RPM's or
incompatible blade dimension

Reset tension on blade. f problem persists,
replace with blade better suited to job and saw

Inconsistent blade life

Blade used for various applications,
blade not suited 1o nppiinnfinn

Ensure proper blade for job requirements

| Short blade fife

Wrong RPM's, inadequate water, blade
not suited to job, or excessive friction

Ensure adequate water supply and that water
strikes blade near the arbor on each side.
Check saw RPM's against blade requirements
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from Ref. 31). The probable cause of the problem and
potential solutions are also presented,

Saw Horsepower

The horsepower (hp) of the saw is a critical factor in
the cost of the saw cut. The speed of cutting is
directly proportional to the hp of the saw and is
influenced by the hardness of the surface to be cut.
Essentially, a 65 hp saw will cut almost twice as fast
asa35hpsawandfour times asfastasan 18 hp saw.
While there is slightly more wear on the blade, the
advantage of these higher speeds is the decrease in
the time the lane must be closed to traffic.

The saw must be large enough to provide the power
necessary to keep the blade from “bogging” down
{Ref. 31). Other indications of an under-powered
saw or the improper match of the blade to the saw
are described below:

* A white or blue smoke emitted from
the front of the saw indicates that the
blade is excessively hot. Blue to black
discoloration of the blade core just
below the cutting edges is another
indicator of excessive heat. Water can
be used to reduce blade temperature.
A more appropriate blade may be
necessary. Failure to correct will re-
sult in excessive diamond chip loss
and short blade life.

* Break-up of part, or complete loss of
the cutting edge indicates excessive
pressure on the blade during cutting,
To avoid this problem, reduction in
cutting speed or selection of a better
suited blade is required.

On the basis of its 1983 study (Ref. 29), the State of
New York revised its recommendation for its saw
from 9 hp to 18 hp. However, most contractors and
a number of State agencies favor a more powerful
saw. Wet cut tests conducted in Texas, using a 65 hp
saw with a diamond blade, cut at speeds ranging
from 37- to 82-in-ft (28- to 62-cm-m) per minute for
a 1-in {2.5-cm) deep cut in asphaltic concrete. The
average rates are given in Table 23. Ten tests were
run on AC (Asphaltic Concrete) surfaces and four

Table 23. Saw slot cutting rates.

Average Cutting Rate” per Siot
Type of | Number Depth, inches
Surface | of Test | Actual Projected
Cuts 1 41 1o 2 a1 I
AC 10 55.7 371 | 279 | 223
PCC 4 9.0 861 | 45 | 35

* Inch-feet per minute

runs were made on PCC (Portland Cement Con-
crete). All tests were cut to a 1-in (2.5-cm) depth.
The table also presents the average projected rate
for various slot depths.

During these tests with the 65 hp saw, the blade
tended to ride up out of the slot resulting in a
substantial variation in the depth of the cut. A
difference of up to 1/2 inch (1.3 em) was common.
Further testingin the cutting speed range of 25 to 30
in-ft (19 to 23 em-m) per minute showed that this
problem can be reduced by adding a 50 1b (23 kg)
dead weight directly over the blade drive shaft.

Wet versus Dry Cutfing

Today, particularly with the use of the higher speed
saws, the preponderant evidence suggests that wet

‘cutting is necessary in Portland Cement Concrete

(PCC)and is desirable for asphaltic surfaces. While
asphaltic concrete (AC) can be successfully dry cut at
high speed, it would be accomplished at the expense
of blade life. Itis estimated that dry cutting reduces
the life of a diamond blade by one third.

Simply adding water to the saw cutting operation
does not guarantee that the blade will not. overheat
and cut inefficiently. A poor water distribution
system can simulate a dry cutting situation and
should be avoided. The water jets must direct the
water so that it strikes the blade near the center of
the core. The centrifugal force will then throw the
water out to the edge of the blade. The water should
be directed so that it arrives at the cutting edge of
blade just as the edge point goes down into the
pavement surface. This maximizes cooling and
lubrication.
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Saw Cut Depth

Regardless of the type of saw used, it should be
equipped with a depth gauge and a horizontal guide
to assure proper depth and alignment. The appro-
priate depth is dependent on the type of pavement
and the number of turns of wire. A general guide for
slot depth is given in Table 24 (Ref. 32). The depth
of the sawcut should be checked frequently during
cutting to assure a constant value. It is generally
accepted that a minimum depth of 1-1/4 in (32 mm)
and a maximum depth of 2 in (50 mm) should be
maintained. Some agencies specify adequate depth
o allow for a 1/2-in (13-mm) sealant cover over the
wires, while some manufacturers recoramend plan-

ning fcr at least a 1-in (25-mm) of cover.

Table 24. Saw cut slot depth guide.

Slot Depth
Turns of Wire Inches Millimeters
1 1-3/16 30
2 1-3/8 35
3 1-8/16 40
4 1-3/4 45
5 2 50
6 2 50
Finishing the Saw Cut

The saw cut should be a clean, well-defined cut. All
jagged edges and protrusions should be removed
with a small chisel and hammer. It is erucial that
the saw cut be clean and dry. Cleaning should take

place immediately after the cutting is complete.

There should be no cutting dust, grit, oil, or contami-
nants in the slot. It should be flushed clean with
pressurized water and then dried with compressed
air,

Many agencies only require that the slot be cleaned
with compressed air, If these agencies experiencean
inordinate rate of wire failure, they should consider
flushing the slot with pressurized water as well as
with compressed air. Care should be exercised to

~ avoid blowing the debris in the direction of passing

pedestrians or vehicles.

Onlyone saw cut along the marking should be made.
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not be made near the first cut as this will signifi-
cantly weaken the pavement. If another cut is
necessary, at least 4 to 6 in (10 to 15 ¢cm) should be
allowed between the old cut and the new cut.

INSTALLING LLOOP WIRE

Afterthe slot is saw cut and cleaned, it is now ready
for the installation of the loop wire. The following
discussion describes common practices followed by a
number of loop installers. Many contractors spe-
cializing in installing loop detectors have developed
their own individual methods and short cuts, some
of which are highly effective while others are merely
expedient for their purpose but, in the long run,
costly to the agency. This underlies the need for
careful inspection procedures during the installa-
tion process.

It should berecognized that field crew personnelare
not always as vigilant or careful inhandling the wire
as would be desired. Accordingly, the installation
supervisor and/or inspector should stress that the
wire must not be damaged during the process as it
could cause detector malfunction and would ulti-
mately have to be replaced. Should any damage
mnnen—d PR RN [ P, S ——— P [ PR, | |

occur to the wire duri 1Ig ud.udnug, it shouldbe pu.ut:d
up immediately and replaced.

Wire Type

Wire sizes are classified in accordance with the
American Wire Gauge (AW(), originally called
Brown & Sharpe Gauge. The AWG is a system of

numerical wire gizes starting with the lowest num-

Uillcriical ©olLto el wvilin AviA wanT AWV U d2iaa0

bers for the largest sizes. The gauge designations
are each 20.6 percent apart based on ¢ross-sectional
area. That is, AWG #12 is 20.6 percent larger than
AWG #14, ete.

Wire is further described by type of insulation.
Definitions of some of the more commonly used wire
for detector applications are provided in Table 25.

The most commonly used wire size ranges from #12
to #16 AWG. Agencies that use the larger wire are
about equally divided between #12 and #14 AWG.
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Table 25. Definition of wire standards.

Designation Ijéécription
TFF Stranded copper conductor insulated
with thermoplastic lead wire
THHN Building wire, plastic insulated, 90° G,
600 voit, nylon jacketed
THW Building wire; plastic insulated; heat,
flame, and moisture resistant, 75° C
THWN Same as THW with overall nylon jacket

........... Y U PO

TIII—-‘ UL Ub‘blgﬂdlloﬂ IUI Nermupid ‘b LiC
insulated wire for use in conduit,

TW underground, and in wet locations. It is
a common building wire having a bare
soft copper solid or stranded

conductor

Cross-linked polyethelene insulated
wire rated at 80° C in dry locations and
at 75° C in wet locations

XHHN

Note: Building wire is defined as a commercial wire used
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volts or less. Typically used in an enclosure which will
not be exposed to outdoor environments.

However, somemanufacturers recommend #16 AWG.
Their positionisthat the difference in wire sizeis not
as critical as the gquality and thickness of the wire
insulation. The insulation used on the wire may be
rubber, thermoplastic, or synthetic polymer. Cross-
linked polyethylene appears to be the most popular
msulatlon and is strongly recommended by detector
manufacturers. The insulation must withstand
wear and abrasion from shifting streets, moisture,

and attack by solvents and oils as well as withstand

the heat of high temperature sealants. Stranded .

loop wire is preferred over solid wire. Because of its
mechanical characteristics, astranded wiredismore
likely to survive bending and stretching than a solid.

Ducted Wire

There is a growing tendency to use insulated loop

wrire enecasad in econtinunus eross-linked nolvethvl-
wire encaseq in continuous Cross-linged poiyetny.

ene tubing. There are anumber of manufapturers of
these loop materials. Brand namesinclude Detecta-
Duct, Power Loop, Signal Duct, Electroloop, etc.

A typical produci uses a flexibie ducting encasing
THHN type #14 gauge AWG stranded wire conduc-
tors. The use of ducted loop wire has the following
advantages:

¢ The conductor wires are able to move

fraaly within tha dnst pommoancatine
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for the shearing stress caused by
pavement displacement.

¢ The duct protects against moisture
penetration and temperature ex-
tremes.

¢ The ducting maintains its integrity
when in contact with high tempera-
ture (400 °F (149 °C) or more) sealing
compounds.

¢  The ducted loop wire retains its flexi-
hilider nrraw o waida wanon n o
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tures.

Prewound Loops

Some agencies prewind and bind loop wire (or ducted
wire) to exact specifications in their shops, making
aprefabricated loop for transport to the site. Thisis
accomplished by winding the loop wire around care-
fully spaced pegs on a wall or table. This minimizes
the tendency of the wire to spring into a coil after
removing it from the supply reel. The completed
loop consists of the proper number of turns and the
T t:(‘,[‘di‘fed }t:ugu.x of lead-in to the 'ﬁ‘dll box bound
together. Although prewinding appears fo be a
labor-intensive operation, it can cut installation
time significantly. This procedure seems to be best
suited for smaller loops. A prewound loop ready for

installation in the sawcut is shown in Figure 107.

Figure 107, Prewound loop installation.
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Preformed Loops

For anumber of years, several detector manufactur-
ers have offered a preformed loop assembly consist-
ing of a continuous unspliced length of #14 AWG
THHN wire completely enclosed in a 1/2-in (13-mm)
heavy wallPVC pipe. The assembly comes complete
with twisted lead-in wire of specified length to reach
thefirst pull box. The water-tight assembly is sealed
at the Tee fitting where the lead-in exits. The lead-

in nortion of the Tes is nrovided with a short stub of
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1/2-in (13-mm) PVC pipe to enable the installer to
add the necessary additional 1/2-in (13-mm) PVC
and couplings to seal and protect the twisted lead-in
to the pull box. Some models are supplied with wa-
tertight slip joints at the four corners. This allows
the preformed loops to be folded for shipment. A
typical preformed loop assembly is illustrated in
Figure 108.

Figure 108. Preformed loop assembly.

Theloops should be construc
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of the size necessary to contain the number of turns
shown onthe plans. The wire within theloop should
be installed such that there will be no movement of
individual conductors with respect to each otherand
no movement of the bundle of wire within the con-
duit. Theloops may befabricated from multicondue-
tor cable (untwisted) with 40 mil (1 mm) polyethyl-
ene insulation on all conductors and a 40 mil (1 mm)
polyethylene outer jacket. Lead-in wire to the loop
wire splice should be soldered, covered with heat
shrink tubing, and waterproofed with sealant within
a section of PVC pipe.

This type of installation has demonstrated: (1) im-
provea environmental stability, (2) no problemsfrom
wire movement, (3) higher dielectric characteristics
when tested with a 500-volt megger to ground, and
{4) much longer physical life. These installations
have been used in concrete, asphalt pavements, and
even in dirt and gravel roadways. Preformed loops
can be installed in the following situations:

* Placedina 1-in (25-mm) or wider slot
in existing pavements in much the

same way that conventional loops are

installed.

¢ Placed on top of the base course before

pavmg with bituminous surface.

¢ Installed 2to 3in (5 to 6 cm) beneath
the untreated base course of a con-
crete roadway.

* Anchored to existing pavement and
overlaid by at least 2 in (5 cm) of
asphalt paving.

¢ Included in the pour of a concrete
bridge deck.

The County of Los Angeles found that, when pre-
formed loops were laid on top of an existing roadway
and then a hot asphalt overlay was applied with a
steel tracked vehicle, the PVC pipe was likely to be
damaged. However, when the hot asphalt overlay
was applied with a rubber-tired vehicle, the PVC
was not damaged.

The use of PVC pipe in the assembly also presents
some problems for extreme cold-weather applica-
tions, particularly in the presence of heavy equip-

VAASy prias vawiaaias iy 422 wadls petw) 8 LVLoR 0 ) B Lats

ment trafﬁc Eventheheavy-duty Schedule 40 PVC
will shatter under these conditions. Alaska uses
extra-heavy-duty PVC { Schedule 80) to alleviate
this problem.

The electriccharacteristics of this factory assembled,
beavy-duty loopinstallationis normally guaranteed
by the supplier. The installation mistakes typical of
the saw-cut embedded loops are avoided. Although
the cost is higher, and shipping and handling a bit
inconvenient, user agencies report that the longer
life makes the preformed loop an attractive alterna-
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tive. The total installed cost of the preformed loop is
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cost of labor and installation of a standard loop.
Caution should be exercised in using preformed
loops in wide sawcuts because of the difficulty in
sealing the wide cuts and in preserving the integrity
of the pavement.

Metal Sheathed Loop Cable

A metal sheathed loop known as mineral insulated
cable (MI) was first included in National Electrical
Code (NEC) in 1953, and was approved for use in
many applications, most specifically for use in haz-

ardnnielaratiang nr diffisanlt anriranmante MT aahls
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is an assembly of one or more conductors insulated
with ahighly compressed refractory mineral insula-
tion and enclosed in a liquid-tight seamless metallic
sheath with a polyethylene jacket. The mineral
insulation is magnesium oxide and the seamless
sheath is phosphorus deoxidized copper.

MI installations are found in many industries, in-
cluding mining, aerospace, marine, petrochemical,
cryogenic, and in blast furnaces. Ithasrecently been
used for loop detector installations, after it was
discovered that loop detector wires would operate
efficiently encased in metal. These installations

appear tobe best suited to situations wheretheloops

are installed on the base course previous to covering
with the asphalt or concrete surface course. Theloop
is factory-assembled. The conductors are installed
in the tubing parallel to each other,permitting the
formation of a loop of the desired number of turns
using one cable. :

Among the advantages inherent in this type of loop
cable is the excellent shielding system. The shield
system starts at the detector unit, continues through
the detector wiring harness to the controller cabinet
field terminals. The shielding continues through
the lead-in cable tothe corner of the 100p, and ﬁnally
terminates at the OppOSue corner of the wup To
realize the advantage of the shielding, the metal
shield must be opened at the far corner of the loop.
Itisrecommended that 1/2to 1in (12 to 19 cm) of the
metal shield be removed and the exposed material
and sheath waterproofed at this corner. Thelead-in
cable shield needs to be connected to both sides of the
exposed sheath at the connection corner of the loop

inthe pullbox. Allloop and sheath connections must

ha watarnranfod tnangnrathat tha dhialdine avotam
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is insulated from ground except at the detector unit
end.

The State of Illinois developed a regulated proce-
dure for installation when they found that haphaz-
ard construction procedures seriously degraded
performance. It should be noted that Illincis DOT
uses the MI cable loops primarily in new pavements
and for replacing loops that are destroyed by widen-
ing and resurfacing projects. Figure 109 presents
the installation detail suggested by the State of
IMlinois. Their specification is repeated here as
Figure 110 for the information of those agencies

intaraatad In 1einie terna nfnwadiat MMPaE 14N
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1
I

© 1 2 3 4

3 iLead-in cable

; to controller
* 2 3 4 A
Spread wires of both ends of loop cable

and test for continuity. Make numbered
3 connections to form loop.

Figure 109. Metal sheathed loop cable installation.

Wire Insertion

The loop wire must be one continuous wire from the
pull box through the curb, around the loop the
designated number of turns, and back to the pull
box. The supply reel should be checked before
installation to ensure that there is a sufficient amount
of wire on the reel for the particular installation.
Careful count must be made of the turns of wire
installed in the slot. This is a common error; the
workmen simply lose count, particularly when four
or more turns are required. Prewound and pre-
formed loops, created in the shop, help ensure the
proper number of turns in the loop.
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SPECIFICATION FOR' METAL SHEATHED LOOP CABLE

The cable shall be #16 AWGWIth two, three, or four conductors as shown on the plans rated for 300 volts with
outside diameters of 0.306, 0.337, and 0.353 inches respectively. The cable shall be furnished with a terminal
subassembly kit composed of a pot, cap, sealer, and sleeves. ‘

Installation shall consist of furnishing and installing Mi Cable Detector Loop on a bituminous or PCC base = course
and covering it with bituminous surface course as describad and detailed hersin and in the plans.

To install the cable, slanted holes of 1-inch diameter shall be drilled through the base course. Where curb and
gutter is present, the hole shall bagin where the base course and gutter meet and where curbs are not present,
the hole shall begin about 1-foot from the edge of the pavement. The cable shall not be instafled until the ioop area
is ready to be covered (by the surface course} to minimize the traffic or asphalt truck running over the cable.

PP T S SV S T

The instaiiation of the cabie requires the forming of the loop size including the ieads to terminal end with some
spare, cutting the cable and immediately sealing the terminal ends to prevent absorption of moisture by the
mineral. The leads shall be bound together and inserted through the hole and positioned in piace to make splices

in the proposed junction box.

The cable shalf be secured to an asphaltic base course including the leads. The corner radius for the loop shall
not be less that 6 inches. The leads shall be bound together with straps or fish tape rope (do not use wire) to
prevent cutting or damaging the polyethylene cover. Shovels of asphalt can be used to hold the cable in place.

The termination of the cable involves the stripping of the cable ends, installation of fittings, application, or
insulating compound and installingthe sleeve assembly according to manufacturer's instructions. When the
stripping is completed, the exposed M material should be sprayed with an insulating spray. The termination
procedure must be completed to avoid leaving the magnesium oxide exposed and the conductor sleeves open to

madat ira de ambar thoo o
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The sleeved conductors shall be spliced together and metered to ensure a proper connection. The conductors
must be cleaned of the material coating to ensure a good connection while metering. The conductors must be
soldered together and each conductor wrapped with two layers of rubber or viny! electrical tape. The wrapping
shall completely cover the soldered connection and the conductor sleeves for 1/2 inch.

A loop test meter is used to ensure the loop will petform for detecting vehicles and after obtaining an acceptable
reading, the spliced conductors and then sealed by centaring them in a bottie mold and fill the mold with epoxy type
resin. The resin must completely cover the tapes on the sieeves.

Any exposed copper sheath and the end seal pot shall be taped and coated with a silicone spray to prevent any
moisture contact with their surfaces. Any electrical contact between the copper sheaves and the ends of the

rahlac will doctrav tha indust
CUC

cables will destroy the in nee readin
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No splice shall be permitted in the loop wire beyond the lead-in cable splice or controller terminal when the loop
wire is connected directly to the controller terminal.

The inductance and resistance of the loop as metered shall be within 10% of the calculated values for that loop as
shown on the loop detail sheet.

Figure 110. Example specification for Ml loop cable (lllincis Department of Transportation).
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The wire should be laid in the slot so that there are
no kinks or curls. Ablunttool such asa paint stirrer
may be used to push the wires to the bottom of the
slot. Some agencies use a narrow blunt wheel rolled
along the slot. A sharp instrument (e.g. screw
driver) should never be used as it easily penetrates

the wire insulation.

CROSSING PAVEMENT JOINTS

A special installation problem is encountered when
the wire has to cross a pavement joint. When the
loop is placed in a concrete roadway and crosses a
pavement joint, particularly an expansion joint, the
movement of one slab relative to another will cause
the wire to break if some special treatment is not
used to protect the wire. Additionally, one of the
most common failure points is where the road sur-
face meets the curb line. This ares is subjected to

both vertical and horizontal shifting.

There are two basic treatments for crossing the
pavement joint. One methodisto encasetheportion
of wire crossing the joint in some type of conduit as
shown in Figure 111. Many agencies use rigid
plastic conduit or flexible tubing. The State of
Illinois has used common rubber garden hose in
some of their installations.

Figure 111. Crossing pavement joints using rigid tubing.

The material that is used should be approximately
DA 3 {1 Qnval 2 Ararmintbarw and af lamead 1 £ (30 A
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long. The conduitis placed in a cut which measures
1-¥/4 in (3.1 ¢m) wide and is 16 in (40 cm) long. The
details of this type of installation are shown in

Figure 112.

1 1/4" Sawcut
1/4" Sawcut

3/4" Flexible Tubing

Loop Sealant7 Pavement Joint or Crack

Loop Wirez

Side View

Figure 112. Pavement joint crossing details.

Analternative methodistoprovide an excess of wire
atthe pavementjoint. The most common method for
providing additional space for the extra wire is to
make the cut in the shape of a diamond. The cut
should be small, 2 in (6 c¢m) from edge to edge,
excavated to the full depth of the sawed slot. This

allnwe anffArmant enarafor an “S’ehananfoavescs wire
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to be placed in the cut out diamond as shown on
Figure 113. The diamond (and the adjacent joint, if
necessary) is filled with an appropriate sealant.

or Crack

A

NS 1

Loop Wire

Pavement Joint —
|

Sawcut.

.

~

h

Figure 113. Crossing pavement joints using diamond cut.
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HANDLING THE LOOP WIRE LEAD-IN

The two lead-in wires from the beginning and end-
ing of the loop turns should be twisted together to
form a symmetrically twisted pair from the loop to
the pull box, Depending on agency policy, an addi-
tional 3 to 5 ft (0.9 to 1.5 m) of lead-in pair slack
should be provided in the pull box.

Lead-in wire must be twisted to avoid crosstalk.

Agencies vary on the specified number of twists per
foot, ranging from two twists per foot to five twists
per foot. Manufacturers feel strongly that wires
should be twisted a minimum of five to six twists per
foot. Some agencies or contractors do not twist the
wires because the twisted wires require a wider slot
for the lead-in wires, necessitating a larger saw
blade than that required for the loop saw cut. Agen-
cies that do not twist the lead-in wires usually allow
only one pair of lead-ins per lead-in slot.

The correct and incorrect ways of twisting the lead-
in wires are shown in the top portion of Figure 114,
Although wires may be twisted by hand, more effec-
tive methods are also shown. The use of a twister
shown at the bottom of the illustration will signifi-
cantly speed up the process.

A multiple loop configuration is frequently used to
emulate a longloop. For this type of loop system, the
loops may be wired in series, in parallel, or in series-
parallel as discussed in Chapter 2. The wiring
alternative to be used is determined by the loop
system designer by considering such factors as sys-
tem configuration, system requirements, and the
recommendations of the selected electronic unit
manufacturer. The proper connections for each of
the wiring alternatives are shown in Figure 115.

CROSSING CURBS

Typically, the twisted lead-in wire must extend from
its lane location in the roadway across the curb or
shoulder to the pull box. Ifa curbis present, passage
through the curb is usually accomplished by using a
jackhammer drill or punch-type tool to make the
entry as shown in Figure 116. Liquid-tight flexible
conduit is then installed in the hole so that it re-
ceives the twisted loop lead-in wire from the sawcut.
The conduit should terminate in the pull box above
the drainage to prevent moisture from entering the

. -

Correct way to twist wire

N P NN e

Incorrect way to twist wire

t— Lead-In Wires
Stick

Anchor

~

g Clamp

A
|

Electrical Tape

=

Figure 114. Method of twisting lead-in wires.

conduit. Figure 117 shows a cross-section view of
the conduit connecting the saw cut to the pull box.
This conduit should be installed at the same time
that the pull box is installed.

Where the curb and gutter section is relatively
shallow, the lead-in wire is placed in rigid conduit
near the edge of the roadway. The conduit is in-
serted under the curb and gutter as is shown in
F1gure 118. The roadway end of the conduit is
normally 2 in (5 em) below the roadway surface.

In some cases, the crew will simply cut the curb and
pass the lead-in wire through the curb. Unless the
cut is made to 2 minimum depth of 18 in (45 cm)
below the surface, this practice is not recommended.
When the wires remain too close to the surface, they
could be severed by grass trimming or other mainte-
nance activities
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Parallel Loop Connections .

Pull Box -

' ' _1 ' Shielded
’ """""" Lead-In Cable

Cut off and wét_erproof
shield and drajn wire

Series Loop Connections

| Shlelded
——————— - Lead-In Cable

Cut off and waterproof
shield and drain wire

Serles/Parallel Loop Connections

I Pu!l Box Q!F
F — ! Shielded
----- Lead-In Cable

i
FDOCPJ Cut off and waterproof
S shield and drain wire

(- Winding Direction

Figure 115. Loop wire winding diagrams for mutiloop instaliations.

Some agencies will drill through pavement before
reaching the curb and gutter and will install a
conduit beneath the curb section enroute to the pull
box. These agencies believe this to be a simpler
installation process than drilling through the con-

crete curb. Other agencies claim it to be more

disruptive to the pavement integrity. It does, how-
ever, avoid any problems with the joint between the
pavement slab and the curb/gutter.

Pull Box ‘ 3/4" or larger PVC conduit

across expansion joint -
12"

pree— —|

7. o O

i f

Roadway
o PVC Conduit
] " ‘\,
ARG

Top view ﬂ 7
/

Expansion Joint ~ Wire Slot

Figure 116. Entry hole for curb crossing.

Figure 117. Loop lead-in wires at curb section.
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Roadway

Rigid Steel Conduit

Bushing

Figure 118. Detail for shallow curb section.

When a curb is not present, a hole is drilled through
the edge of the pavement at a 45° angle. The top of
the hole should be at least 6 in (15 cm) from the edge
ofthe pavement. The hole should be aligned with the
pull bex and be of sufficient size to accept an appro-
priately sized conduit. Figure 119 illustrates the
recommended procedure.

Pavement
Sawed Slot

Puil Box

Figure 119. Loop lead-in wires at pavement edge.

INSTALLATION OF PULL BOX AND
CONDUIT

The purpose of the pull box (also referred to as a
“splice box,” “handhole,” or “junction box”)is to house
the splices between the lead-in wires from the loop
and the lead-in cable to the controller cabinet.

Additional pull boxes may be required at specified
intervals on long runs to the electronic units in the
controller housing. Pull boxes can be made of con-
crete, plastic, metal, or fiberglass.

For most installations, a standard No. 3 or No. 5. pull
box, as shown in Figure 120, is used. The type of box
and its location should be specified and shown onthe
construction plans. Many agencies specify that the
pull boxes, conduits, and curb cuts must be com-
pleted before beginning the loop wire installation.
Typicalinstallation details are shownin Figure 121.

Figure 120. Standard pull box.

Bushing
\
WS \ \ / A4
£ < S Precast
E AN reinforced
o concrete box
c Y
g | \)/
3]
15
b
w_ Y Seal around
E A DO RO SRR conduit with
. mortar
By ST

Clean crushed rock sump

Figure 121. Pull box installation detail.
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Conduit is used to protect the lead-in wires and is
connected to the pull box during installation. The
conduit is inserted into the hole through the curb or
pavement and is connected to the pull box.

Although a 3/4-in (1.9-¢m) conduit is adequate for a
single pair of lead-in wires (one loop), it is common
to use a 1-in (2.5-cm) minimum conduit. Table 26
provides the size of conduit for the number of loop
conductors. Normally, no more than two twisted
pairs are installed in one sawcut slot; however,
sometimes loop lead-ins are collected at an in-street
pullbox (i.e., apull boxlocated in the travel way) and
then carried to the terminal pull box in a conduit
under the pavement.

At the roadway end, the conduit should be termi-
nated 2 in (5 cm) below the pavement surface and a
non-metallic bushing should be attached to protect
thelead-in wires. For further protection, the lead-in

wires should be taped for several inches on each side
of the bushing,

Itis important to tag each loop lead-in wire 1dent1fy—

ing the 1uup number and the start (“S° “Jand finish

(“F”) of each individual loop.

Table 26. Conduit size.

Conduit size Loop Conductors
inches # of pairs
1 1to2
1-1/2 3to 4
2 5 or more
TESTING THE LOOP

Before theloop wires are sealed in the pavement, the
loop and lead-in wire should be checked for continu-
ity and resistance. Tests should be run with a loop
tester instrument capable of measuring electrical
values of the wires and lead-ins. Measurements
should be made of the induced AC voltage, induc-
tances in microhenries, and the resistance of the

conductors in ohms.

There are several types of loop testers to measure
inductance, such as the one shownin Figure 122. In

Figure 122. Loop tester.

addition, the integrity of the wire insulation should
be checked. This can be accomplished with a
megohmeter (popularly called a “megger™. Apply-

ingameggerbetween each end of the lead-inand the

nearest reliable electrical ground (e.g. street light,

fire hydrant, etc) the megger reading should be in
excess of 100 megohms under any condition.

The wiring diagram of the plan set or the inspection
report should inchude a table of calculated values of
the inductance in microhenries and resistance in
ohmsforeachloop. Two values should be shown: one
at the pull box without the lead-in cable, and the
second at the controller cabinet with the lead-in
cable connected. The loop installation is acceptable
under the following conditions:

¢ InducedVoltage: Thereis no deflec-

3 3 1§ 2n nd e
tion of the pointer of a volt meter.

* Inductance: Theinductance reading
on the loop tester is within 10 percent
of calculated value.

* Leakage to Ground: Using a 500V
megger, the resistance to ground of a
newly installed loop exceeds 100
megohms.

* LoopResistance: Thereadingonan
ohm meter is within 10 percent of the
calculated value.
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The metered valu

recorded on the wiring plan (or on an Inspection
Report described later under Final Tests and Record
Keeping). This information will be used for future
testing and maintenance. Ref. 32 describes a proce-
dure used by the California Department of Transpor-
tation to test the operation and sensitivity of a new

loop installation.

es obtained from the test should be

SEALING THE SAW CUT

One of the major challenges in detector technology
has been to protect the loop wires from breakage,

moisture, and from floating to the top of the sawcut
and becoming vulnerable to the ravages of traffic.

The sealant used is of primary importance, as is the
technique of its application.

ala
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sealant, and the alternative methods of protecting
the wire within the slots are discussed below. Again,
it should be stressed that matching the proper seal-
ant with the type and condition of the roadway,
together with appropriate, well supervised installa-
tion techniques, are the key factors to effective,
maintenance-free detector operation.

Types of Sealants

During the 1970’s, the types of sealants used were
about equally divided between asphalt-type and

epoxy-type sealants. Early asphalt-based sealants
had tobe heated before application. These were soon
replaced with gun-grade asphalts marketed ascaulk-
ing compounds. These, in turn, were replaced by
epoxy sealants. The early epoxies were toohard and
brittle to adapt well to shifts in pavements and were
expensive and difficult to apply.

Today, there is a wide variety of sealants produced
hased on each manufacturer’s proprietary formula.
These suppliers strive to produce a sealant that
performs according to various desirable characteris-

tics. For example, the sealant should be hard enough

to resist the penetration of foreign materials and

street debris such as nails or metal fragments that
might pierce or break the wire, yet the sealant should
beflexible enough to deform without cracking during
thermal expansion and contraction. Sealants should
be able to withstand the corrosive effects of road

salts, gasoline, anti-freeze, transmission fluids, brake
fluid, ete. commonly found on readway surfaces.

Another critical characteristic is that the sealant
should have good adhering properties with similar
contraction and expansion characteristics to that of
the highway material in which it will be installed.

For asphalt-type roads which tend to move, rubber-
ized asphalt, polysulfide-based sealants, and flex-
ible ep0xies are usually recommended These types

can also be used with concrete along with the more

brittle-type epoxy.

Other advantages sought in selecting sealants are
rapid curing rate and the ability to be applied to
damp surfaces. A rapid curing rate is desirable
because it will minimize the amount of time that a
lane must be closed to traffic. Duringthe saw cutting
operation, a water-cooled blade is generally used,
and even though the slot may be cleaned with com-
pressed air, some residual dampness may remain.
In such cases, it is desirable to be able to apply the
sealant directly to damp surfaces rather than first
drying them with butane torches, which is time
consuming and may damage the asphalt surfaces.

Sealant applications are characterized as either cold
pour or hot pour types. Cold pour types include
polyester resin, epoxies, polysulfide bases, and rub-
berized asphalt. The hot pour varieties include hot
pitch, asphalt, and rubberized asphalt. Both sealant
types must not revert to their liquid state during hot
weather, because this will allow the loop wire to float
tothe surface, Sealantshould always be fluid enough
during application to level itself on a horizontal
surface, but should not run when applied on an
inclined surface. Careful attention must always be
paid to applying the sealant in strict adherence to
the manufacturer’s instructions.

Hot tar continues to be used because of its low initial
cost. Several States, however, have prohibited its
use due to the high percentage of failures and the
danger and inconvenience to workers during appli-
cation. The heat involved (sometimes exceeding 500
°F (260 °C)) in the application frequently breaks

down or deforms the insulation of the loop wire,
rhm-nnchxno-ﬂ-e1nu111a+1na1n+nm‘1fv In addition, -h(')f

TSI ALLE LT LART LA A Y Lhn ARLIUSRE A3 « 22 BRAARSA LS00

tar sealant becomes soft in hot weather and allows
vehicles to track the tar from the sawcut. Rocks and
other debris can penetrate the soft surface and
eventually damage the loop wire insulation.
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Rubberized asphalt appears to be the sealant of
choice, particularly for asphalt pavements. Itis nec-
essary to ensure that the wire specified for the loop
has insulation capable of withstanding the 400 °F
(205 °C) application temperature of the rubberized
asphalt sealant. Epoxies, however, have overcome
some of their early drawbacks and are now formu-
lated to provide a greater degree of flexibility.

A number of States have conducted extensive tests
ofthe various, commercially available sealants prior
to listing the acceptable sealant products in their
specifications. A typical State specification is pre-

sented in Figure 123 (adapted from Ref. 33). In
reviewing the documentation of these State tests, it
was interesting to note that a product that scored
highest in one State test was considered unaccept-
able in anotherState test. This leads to the conclu-
sion that the disparity in test results is most proba-
bly caused by differences in geographic and climatic
conditions, as well as methods of testing the prod-
ucts. However, most agencies are comsistent in
product approval criteria. This, in turn, suggests
that agencies should periodically validate their tests
and test procedures to ensure that their specifica-
tions are appropriate.

TRAFFIC LOOP SEALANT SPECIFICATION

Section XXX XX_Traffic Loop Sealant Material shall be an epoxy resin system or a polyester system designed
specifically to meet the physical properties for sealing traffic loop pavement cuts. The epoxy resin system shall be
an unfilled system intended to be used with an equal volume of clean, oven-dry sand. The system shall bond to
either portland cement concrete or bituminous concrete, shall be unaffected by environmental conditions, and
shall have a dielectric strength sufficient to allow the traffic loop to operate as intended. Viscosity of the mixture
shall be such that it is easily pourable into the saw slot and sufficiently flowable to encase the electrical wiring.

(a) Epoxy Resin System shall be a two component material confornﬁing 1o the following requirements based on

the epoxy without sand (except for the pot life requirement):

PROPERTY TEST METHOD MEASUREMENT BEQUIREMENT
Pot Life at 77° F w/Sand ASTM C881;911.2 Minutes 12 Minimum
Initial Cure Time at 77° F Hour 1 Maximum
Hardness, Shore D ASTM D2240 Number 2510 65
Elongation ASTM D 638 Percent 50 Minimum
Water Absorbtion in 24 hours ASTM D 570 Percent 0.5 Maximum
3% NaCl Absorbtion in 24 hours ASTM D 570 Percent 0.5 Maximum
ASTM #3 Qil Absorbtion in 24 hours  ASTM D 570 Percent 0.1 Maximum
Gasoline Absorbtion in 24 hours ASTM D 570 Percent 1.0 Maximum

{b) Polyester System shall be a two component material conforming to the following requirements:

PRCPERTY TEST METHOD MEASUREMENT REQUIREMENT
Pct Life at 77° F w/Sand ASTM C881; §11.2 Minutes 12 Minimum
Initial Cure Time at 77° F Hour 0.75 Maximum
Hardness, Share D ASTM D2240 Number 251065
Elongation ASTM D 638 Percent 15 Minimum
Water Absorbtion in 24 hours ASTM D 570 Percent 0.2 Maximum
3% NaCl Absorbtion in 24 hours ASTM D 570 Percent 0.2 Maximum
ASTM #3 Oil Absorbtion in 24 hours  ASTM D 570 Percent 0.02 Maximum
Gasoline Absorbtion in 24 hours ASTM D 570 Percent 0.8 Maximum

Figure 123. Typical State sealant specification.
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Figure 124. Methods of applying sealant.

Techniques for Sealant Application

The commonly used practices for sealing the loop
wire are depicted in Figure 124. One procedure
(Figure 124 left view) consists of applying a layer of
sealant to the floor of the saw cut after thoroughly
cleaning and dryingthe slot. Theloop wires are then
laid in the slot and covered with a second, final Iayer
of sealant. This method tends to fix the position of
the loop wires in the middie of the saw cut, protect-
ing them on the top and bottom. Some agencies
believe that this procedure, although more costly,
protects the loop wires from water intrusion.

In the technique shown in the middle of Figure 124,
the wire is simply laid in the slot and covered with
sealant. Thereis no wayte control the positioning of
the wire in the slot. In a three-wire installation, the
three layers of wire may form a triangle on the
bottom of the slot or may stack over each other.

The backer rod/sealant combination shown in Fig-
ure 124 (right view) is based on the theory that
stresses on sealant during elongation are reduced if
the sealant has less depth. With this method, the
wires are placed in the slot and then a backer rod
(generally a closed-cell polyethylene rope) is forced
intothe slot over the wires. The remainder ofthe slot
is then filled with sealant. The backer rod assuresa
shallow layer of sealant reducing tensile stresses
and leaving the wires free to adapt to shifting of the
pavement. An alternative method that is becoming
increasingly popular is to insert short pieces of the
backer rod (approximately one inch) every foot or
two to anchor the wire in the slot before applying the
sealant.

Detector Installation - Chapter 5

There seems to be no published evidence of the
superiority of one method over the other. Inreality,
most detectorinstallers agree thatthe neatarrange-
ment of wires as shown in many published illustra-
tions is simply not indicative of actual installations,
rather, the lay of the wires is random in the slot.
They agree that complete encapsulation by the
sealant is seldom achievable. Some installers also
argue that placing sealant in the bottom of the saw
cut (left view in Figure 124) before laying the wire is
time-consuming and requires moreroad-closuretime.
Installers indicated that even when this method of
installation is specified, it is unlikely to be followed
unless an agency inspector was actually overseeing
the installation. This is another illustration of the
need for careful installation inspection.

Onthe other hand, proponents of this method report
that the extra protection of the bed of sealant on the
bottom of the sawcut prevents the intrusion of water
through small pavement cracks. It also avoids the
possibility of sharp edges or rocks becoming dis-
lodged and piercing the installation. Others feel
that this is a remote possibility, particularly if the
sawcut is well cleaned of debris. On the other hand,
some agencies specify the use of a layer of sand
rather than sealant at the bottom of the saw cut.
This does provide a smooth bed at the bottem of the
saw cut but does not prevent the intrusion of water
through pavement cracks.

The amount of sealant to be applied should be
sufficient to completely fill the saw cut, but not
overfill. A trowel or other tool should be used to
ensure that the sealant is slightly below the pave-
ment surface and that any excess sealant is re-
moved. Figure 125 shows the result of poor installa-
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Figure 125. Example of

poar sealant application.
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Figure 126. Crew applying sealant.

tion procedures. It shows overfilling, underfilling,
and air bubbles in the sealant. All three conditions
can lead to detector failure and should have been
corrected during the installation process.

Sealant may be applied with a special applicator as
shown earlierin Figure 104 or by hand directly from
acontainer as shown in Figure 126, In thisillustra-
tion, one member of the crew is placing the lead-in
wiresinthe slot, while another workeris pouring the
sealant into the sawcut. Note thata paint stirrerhas
beeninserted in the slot to hold the wire down while
the sealant is being applied. Other techniques can
be used (e.g., backer rod strips, nylon rope, ete.) to
hold the wire securely in place as sealant is added.
Figure 127 shows the crew properly finishing the

"MY'S &

Figure 127. Finishing the sealant application.

sealant application. The sealant has been trowelled
in the slot to remove any excess, talcis being dusted
on the fresh sealant, and splashes of sealant are
being removed from the pavement area.

After the sealant has been applied and before open-
ing the lane to traffic, a number of agencies and loop
installers coat the newly applied sealant with sand
or tale. This prevents tracking of the sealant during
its curing process and allows earlier opening of the
traffic lane.

Some sunbelt agencies use sand as the sealant,
Afterthe wireis placed, sand is tamped into the slot.
The sand is easily tracked out of the slot and the
wires may become dislodged. Therefore, this prac-
tice is not recommended.

SPLICING THE WIRE

The splice between the loop lead-in wire and the
lead-in cable to the detector unit in the controller
housingis a critical step in the installation process.
The splice should be located in the pull box and
should be the only splice in the loop system. The
splice is frequently the cause of detector failure;
however, if proper splicing procedures are used, the
splice connection should not be a problem. There are
two basic steps to a splice; the physical connection of
the wires and the environmental sealing of the
connection.

Connecting the Wires

The methods used to physically connect the lead-in
wires from the loop with the lead-in cable vary
among agencies, The two preferred methods are
twisting and soldering or crimping and soldering.
Most detector manufacturers specify a sclder con-
nection in their installation procedures. The argu-
ment for soldering is that it provides a connection
with lower resistance and has less susceptibility to
corrosive degradation. The soldered connection will,
therefore, require less maintenance in the long run.

While pressure connectors (crimping) without sol-
dering may have been generally acceptable in the
past, the use of solid state electronic apparatus now
makes soldered connections preferable. These elec-
tronic devices operate at very low voltage levels and
minimum current loads. Because of this, they are
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susceptible to even slight voltage drops which occur

where poor electrical connections cause high resis-
tance in a circuit.

To make the physical connection, about 8 in (20 cm)
of the outer covering of the lead-in cable is stripped
away. One wireis clipped about 3in (7.5 cm) shorter
than the other. About 1-1/2 in (4 ¢m) of the wire
insulation must be stripped away from the cable
wires and the loop lead-in wires. The appropriate
wires are then twisted together (end to end) or
crimped with a non-insulated butt connector. Care
must be exercised to assure that the correct wires
are connected.

If the connections are to be crimped, it is bti‘(‘)i‘lg‘ly
recommended that ahigh quality pressure crimping
tool be used to provide a uniform 360° crimp. Care
must be exercised to ensure that only bare wire, and
not the adjacent insulation, is in the connector. The
individual connected splices should be staggered so
that the spice does not become too bulky. Each
connection should then be soldered using 60/40 (tin/
lead) resin core solder. The Ontario Ministry of
Transport, on the other hand, specifies the use of 60/
40 (lead/zmc) resin core solder (Ref. 31). The proce-
dures for both twisted and cnmped splices are de-
tailed in Figure 128.

Environmentally Sealing the Splice

Once the wires are firmly spliced, it is essential that
the splicebe environmentally sealed against weather,
moisture, abrasion, etc. A variety of methods are
used, including heat-shrinkable tubing, special
sealant kits, special forms to be filled by sealant, pill
bottles with slot sealant, tape and coating, etc. Any
method is acceptable as long as it provides a sonund

envn‘onmental seal.

When using heat shrinkable tubing, the wires must
be inserted in the tubes before they are joined. Two
smali tubes are used for theindividual wires and one
large tube to cover the entire splice area. The wires
are connected and soldered as described earlier, and
the small tubes are centered over the connections
and are gradually heated by an electric heat gun or
butane torch until the tubes have shrunk uniformly
around the wires, The larger tube is now positioned
over the spliceand heated in the same manner. Care
must be exercised to avoid burning the wire insula-

Step 2. Connect and solder
Crimp bare conductors

Twist bare conductors .
toqether together with an
9 uninsulated butt connector

t T

and solder with 60/40  OR  and solder with 60/40
(tin/lead) resin salder {tin/lead) resin solder

e e

Step 3. Insulate each solder joint separately
Elactrical Tape oR Shrink Tube

Frr— =

Step 4. Envircnmentally seal total splice

Figure 128. Splicing loop wire at puli box.

tion or the cable jacket. Once the tubes have been
shrunk over the splice area including the cable end,
a secure environmental seal has been established.

available.

Special sealant kits are commercially

peinl STOaGAy = vl W SRR

These kits may have one-part or two-part sealants.
One-part sealants are ready to use. Two-part seal-
ant kits usually contain the resin and hardener in
separate compartments of a plastic package. The
seal between the two parts is broken and the two
components mixed. The package is then cut open
and the sealant is formed over the splice area. It is
important to ensure that the mixture penetrates
between the wires.

An alternate process uses a form around the splice
area. Aliquid or pourable sealantisintroduced into
the form. Care should be exercised to ensure that
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the form i otally filled with sealant and there are

no voids within the splice area.

Multi-Pair Lead-In Cable
A very simple encapsulation process consists of ) g
using a common drug store pill bottle as shown in
Figure 129. The wires arespliced side by side rather \
than end to end. After the wires are twisted and ' ? 1'“ 4 AWG 3':' .

Seal cable ends

. . 1y
soldered {some agencies add a wire nut or tape the THWN in 3/16" "t‘:.‘,".’ i

joint}), the completed splices are inserted into a pill ID Tubing v
bottle that has been filled with sealant or electrical
epoxy. The details of the pill bottle splice are - Twist wirs 3
illustrated in Figure 130. and sclder
Splice - & Vo g
/_\ a = = &
W & 3
(D H T
[33 2 =0
= 523
o ks 5 E o
B = 33873
@ O 5
E
N Finished splice
Figure 130. Pill bottle splice details
18in (45 em) below the surface. Ifconduitisused, it
should be waterproofed.

Trenching is the most common method for installing
underground cable (see Figure 131). The construc-
tion plans should specify how deep to trench. After
placing the cable in the trench, it should be back-
Some agencies still use electrical tape to seal the filled in layers not to exceed 6 in (15 cm). Each layer
splices. This procedure is not recommended. How-
ever, if tape is used, it should be high quality electri-
cal tape. Each wire connection should be taped
separately and then the entire splice area covered by
several layers of overlapped tape. A waterproof
sealant should then be applied to the entire taped
area.

LEAD-IN CABLE INSTALLATION

In 1 gen ieral pi‘abube, the lead-in cable from the puu
box to the controller cabinet is buried bare or placed
in conduit below the surface of the ground. Ineither
case, the cable should be buried in a trench at least Figure 131. Cable trenching.
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should be compacted with mechanical tampers to
the approximate density of the surrounding ground.
When the backfill is complete, there should not be
any extra material left over. :

The lead-in cable will end inside the controller cabi-
net at the field ferminal strip as shown in Figure
132. An excess of 18 in (45 c¢m) of cable should be
provided in the cabinet housing. Note that the
shield of the cablein this exampleis connected tothe
third terminal adjacent to the loop terminations. A
different procedure is espoused by one manufac-
turer who states that the cable shield should be
insulated from ground and floating at both ends (at
the cabinet and in the pull box).

Most manufacturers recommend grounding at the
cabinet (i.e., connectingthe shield to the terminalin
Figure 132) andinsulatingthe end of the cablein the
pull box. This allows any electrical disturbance or
interference to be safely grounded without affecting
the loop lead-in cable.

Plastic Tube

Controlier Cabinet
Terminal Strip

To earth ground

Note the
grounded
Shield Drain Wire

Lead-in
trom curbside

Figure 132. Field terminal strip.

The Ontario Ministry of Transport (until 1990) rec-
ommended a contrary procedure, that is, grounding
at the splice point in the pull box and cutting off the
shield in the cabinet. (See Appendix N, page 9-36.)
They reversed this procedure in 1390, to ground the
shield in the cabinet and insulate the shield in the
pull box.

NEMA avoids the issue by indicating that “Field in-
stallation practices or detector unit design may
require grounding the shield of the loop lead-in
cable. Such grounding should be in accordance with
the detector manufacturer’s recommendation.”

The loops are capacitively coupled to the earth and
receive a voltage surge whenever lightning currents
enter the ground nearby and cause an earth voltage
rise. These surges may need tobe suppressed where
the cable enters the controller cabinet or where
these circuits enter the detector units. Back-to-back
zener diodes or neon lamps usually provide ade-
quate protection.

Most modern detector units have built-in lightning
protection features. Even so, some agencies in
lightning prone areas (specifically Ontario, Canada
(Ref. 31) and Florida) recommend that additional
protection be added, such as two neon lamps or two
gas filled, surge voltage protectors connected to the
terminal strip as shown in Figure 132.

FINAL TESTS AND RECORD KEEPING

Final tests should be conducted after all loops and
cables have been installed. The initial tests, de-
scribed previously in this section, should be re-
peated to ensure the detector installation is per-
forming as expected and is fully operational after all
cables have been buried.

The result of the tests should be recorded on an
installation data sheet such as that shownin Figure
133. Any modification made to the original plan
drawings should be noted, dated, and retained as
“As Built” plans.

Exactreadingsfrom the tests and the modified plans
should be verified by the inspector. These records
will comprise the history of the particular detector
system and will form the basis for any future main-
tenance or repair activity.
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LOOP INSTALLATION DATA

Date:
Weather:
Approximate Temperature:

Pavement Condition: Wet (__ ) Dry ()

Location:

Drawing Number:

Contractor:

Material:

Loop Wire:

Lead-In Cable:

Pull Box:

Splice Kit;

Conduit:
Curbside to Pull Box:
Pull Box to Cabinet:

Sealant:

Loop System:
Position:

Configuration:

Estimated Measured
Twisted Lead-In Length:
Lead-In Cable Length:
Inductance:
DC Resistance:
Leakage Resistance:

Comments on Workmanship:

Remarks:

Recommendation:

Inspected By:

Figure 133. Typical installation sheet.
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GENERAL INSTALLATION GUIDELINES signalized intersections under a wide variety of cir-

cumstances. For specific installations, the actual
A set of general installation guidelines is presented design, installation procedures, testing, etc. should
in Table 27. It is emphasized that these are general be followed. These guidelines were developed from

guidelines for the installation of loop detectors at Refs. 34 and 35.

Table 27. General installation guidelines.

Design
«  The width of the loop should be tailored to the width of the lane
«  Loops should not be over 6 feet (1.8 m} wids in a 12 foot (3.7 m) fane.

+  Loops should not be less than 5 teet (1.5 m) wide (height of detection is approximately one half to two/ thirds of
the loop width).

« Al loops should have a minimum of two turns of wire in any sawcut except in a quadrupole.

+  Oneadditionalturn of wire may be specifiedfor loops installed in reinforced concrete or over 2inches (5cm) deep.

Installation of Loop Wire and Lead-in Cables
+  The comer of loop sawcuts should be cored, chiseled, beveled, or diagonally cut to eliminate sharp turns.
«  Sawcut should be deep enough to provide for a minimum of 1 inch (2.5 cm) of sealant over uppermost wire.
« If 174 inch sawcut is to be used, select wire size to allow encapsulation of the wires (AWG #14 or #16).
«+  Loop wires should have a high quality insulation such as cross-linked polyethylene or polypropelene.
+  Wire should be laid in sawcuts in the same rotation (clockwise or counter-clockwise) in a loop.

- Loop wires should be tagged to indicate start (S) and finish (F) and should indicate the loop number in the pull
box to facilitate series splicing with alternate polarity connections.

- Sawcuts for the loop lead-in wire should be at least 12 inches (2.5 cm) from adjacent loop edges.
«  The loop lead-in wire from the loop to the pull box should be twisted a minimum of 3 to 5 turns per foot.

+  Splices of loop lead-in wire to lead-in (home-run) cable must be soldered, insulated, and waterproofedto ensure
environmental protection and proper operation.

« The lead-in cable should be twisted, shielded, and waterproofed.
+ The cable selected shouid have a polyethylene jacket.
+  Formost installations, the lead-in cable should not be connected to earth ground atthe pull box, only insulated

and floating. Manufacturer's recommendations should be followed concerning whether the cabinet end is
grounded or not (per NEMA). .
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Table 27. General instaliation guidelines. (Continued)

Testing

+ Priortofilling sawcuts with sealant, loops should be checked with an ohm-meterforcontinuity and loop and lead-
ins in pull boxes should be checked with a 500 V DC megger to confirm insulation resistance >100 megohms.

* Loops should be checked with a direct reading inductance meter at the pull box to confirm the number of turns
of wire in any loop. The following formula was developed to provide a simple method to calculate the approxi-
mate inductance of any loop configuration and/or confirm the number of turns in the loop.
inductance (L) = K x feet of sawcut

No. of Turns... K, phAt

............. Tiiviins 0.5
............. 2 e, 1.5
............. 3. 30
............. 4 5.0
............. 5 7.5

+ Inductance meter should also confirm electrical splice configuration of multiple loops to allow selection of proper
sensitivity setting on detector unit.

Sealant
+ Loop sealant should be selected to insulate and protect wires,
* Loop sealant should encapsulate loop wires 1o the fullest extent possible.
+ Atleast1in (25 mm) of sealant should cover the loop wires {i.e., do not aliow wires to float).
+ The sealant selected should adhere to asphalt or concrete, but not necessarily to both.

+ Forinstallationin an existing roadway, loop sealant should be poured to within 1/8 inch of surface. Forinstailation
prior to overlay, the sawcut should be filled completely before paving.

Connections
»  All spade lug connections in the loop cireuit should be seldered.

+  Multiple loops connected to the same detector channel should be connected in series or series/paraliel. (Some
manufacturers dispute the use of series/parallel.)

+  Confirm series splice with inductance measurement prior to connecting to lead-in cable.

*+ Multiple loops connected to the same detector channel should be connected with alternate polarity (clockwise
- counter clockwise) to improve noise immunity and stability. -

+ Loops in adjacent lanes should be connected to the same multiple channe! detector unit.

Note: For more exact values of inductance, use Appendix C.
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DETECTOR INSTALLATION
ATLTERNATIVES

Agencies and manufacturers continue to search for
better ways to install detectors. The following sec-
tion describes two methods that have been devel-
oped, tested, and are currently operational. Note
that conventional loop details such as splicing, test-
ing, etc. described earlier also apply tothe following
alternative methods.

T._ .LL Al 10N L Ll c Do ko D2 R ey

AT TNe eaT1y 170U 8, ie ruervo nico ij.guwa._y'n‘u.uuux-
ity and the Department of Transportation and Public
Works began to experiment with placing loop detec-
tors in heavily reinforced precast concrete slabs for
installation in bituminous pavements (Ref. 36).
Earlier experimentation with loop detectors placed
in cast-in-place concrete slabs 12 ft (3.7 m) in width
and 6 ft (1.8 m) in length were unsuccessful due to
the difficulties in maintaining traffic during the

R

_relatively long curing period. Because of the sizeand
- weight, these slabs could not be precast.

The use of magnetometer detectors was also tried.
They were found to be unsatisfactory because of the
proximity of the Island of Puerto Rico to the equato-
rial line, which resulted in erratic behavior of the de-

tectors.

Smaller unitized slabs were selected as an effective
design for use in Puerto Rico. They have been used
extensively for left-turn lane detection, off-ramp
detection, arterial detection, and system detection.

The final design of the precast or cast-in-place loop
slabs (both types are used) is 4t (1.2 m) square and
81n (20.3 cm) deep. A circularslot 40in (102 cm}in
diameter, 3 in (7.6 ¢cm) deep, and 1/2 to 3/4 in (13 to
19 mm) wide is impressed in the concrete to house

the conductors forming the loop.

Fiveturnsofwireare standardin these installations
with three turns considered to be the minimum ac-
ceptable. (Adequate detection bas been obtained
with up to 1,000 ft (300 m) of lead-in cable between
the pull box and the detector unit.) After the wireis
wound in the slot, a 5/8- to 7/8-inch (16- to 22- mm)

nylon rope is forced into the slot on top of the loop
wires and then the slot is filled with an asphalt
sealant. A 1-in (25-mm) flexible metallic conduct is
used to house the lead-in wires leading to the pull
box.

Asshowninthe plan detailsin Figure 134 (from Ref.
36), the slabs are provided with four lift point devices
for handling during the original installation and for
resetting in the case of overlays. These slabs can be

easily handled bytwo men and a small Joader-back-

hoe combination.

Hot-poured asphaltic sealant and silicone sealant
have both been used successfully. An emulsified
asphalt sealant is also being tested as it is less
expensive and does not need to be heated. Epoxy
sealant has not been used for this purpose as this
type of sealant may make reentry into the slot for
repairs more difficult.
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Figure 134. Plan details of slab loop installation.

135




Traffic Detector Handbook

Although these slabs were originally intended for
use on bituminous pavements, their performance
and ease of maintenance have led to the use of slabs
on new and existing PCC pavements. On existing
PCC pavements, an oversize square is cut out of the
pavement and the precast slab is installed with
concrete backfill. '

Puerto Ricouses non-reinforced concrete pavements.
Therefore, on new PCC pavements, a grid of rein-
I o SR ISR DU, [ (I SR EEYFIY R . IS RN, R, N
LUI'CLIIE RdIs 1S pidted db LIIe DOLLYIN QL LNe I1Iew SidD
where the loop is to be placed prior to the pouring of
the concrete. After the pour, aform forthe slotisim-

pressed into the fresh concrete,

Precast loop slabs have been used successfully in
four basic configurations as shown in Figure 135:
actuation (LC-1), directional (LC-2), presence (LC-
4}, and high-speed detection (not shown on draw-
ings). The loops have been connected in series and
in parallel and have been used with standard and
self-tuning detector units.

OO

R\
\_]

LC-2

-

clele

1

Direction of
Traffic =

LC-4

Figure 135. Precast loop slab configurations.

Theyhavebeeninstalled atisolated intersections as
well as in coordinated systems. In coordinated
systems, they have beenused for both local detection
and as strategic system sensors to feed information
to the master controller for traffic responsive opera-
tion.

By 1988, there were more than 1800 slab loop detec-
tors installed in Puerto Rico. Over a 5 year period
there had been no traffic or pavement-induced fail-
ures. Onthree occasions the lead-in wires had been
damaged by excavations in the sidewalk or adjacent
pavement areas. There were also 13 incidences of
failure in the wire insulation caused by a manufac-

turing error.

It is important to note, that, although Puerto Rico
experiences heavy rainfall, the annual temperature
ranges between a low normally about 60 °F (16 °C)
and a high normally below 97 °F (36 °C); conse-
quently, there is nofreeze-thaw problem. This could
possibly affect the use of these slabs in colder climes.

The failures that occurred provided the opportunity
to demonstrate the ease with which loops can be
repaired. With a screwdriver or similar tool, the
nylon rope is pried from the slot and, by pulling on
the rope, the rope and sealant are removed. The
conductor wires are then removed from the slot.
New conductors, rope, and sealant are theninstalled
and an epoxy-encapsulated splice is made at the
nearest pull box. This completes the repair with
little disruption to traffic.

Experience with the loop slabs have been very suc-
cessful in Puerto Rico. A typical installation on an
off ramp and in a left turn lane is shown in Figure
136. In the mid-8(0’s the cost in Puerto Rico was
approximately $350 per loop including the slab,
installation, conduit, wiring to the nearest pull box,
and the splice at that pull box.

Older signal projects with sawed slots in the pave-
ment are being retrofitted with precast slabs to
prevent the deterioration and interruption of serv-
ice due to loop failures. Although a formal benefit/
cost comparison between the precast and the sawed
loop detectors has not been conducted, the zero
failurerate of the precast system duringa 5 yearop-
erating period is considered sufficient justification”
for Puerto Rico to adopt the precastloop as standarc
practice.
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Figure 136. Slab loop installations.

ROUND LOOPS

Although square or rectangular loops are the most
commonly used shapes, many loop designers have
theorized that circular loops would provide opti-
mum detection characteristics. Intheory, the round
loop will produce a uniform magnetic field without
dead spots.

Proponents of the round loop argue that the circular
design maximizes loop sensitivity for detection of
motorcycles as well as high bed trucks while elimi-
nating splashover from adjacent lanes. Other ad-
vantages cited include the elimination of sharp cor-
ners and the reduction in wire stress. The most
critical disadvantageis the difficulty associated with
cutting the circular shape in the pavement.

In addressing this problem, one manufacturer has
developed a patented vehicle, designed specifically
to saw a circular slot 6 ft (1.8 m) in diameter that is
1/2 in (1.25 cm) wide and 3 in (7.6 em) deep for the
installation of ecircular loop detectors in either as-
phalt or concrete road surfaces (Ref, 37). The self-

/ ‘ontained vehicle is equipped with a 6-ft (1.8-m)

diameter bit to cut the circle, a 500-gallon (1.9- ki)

water supply, central vacuum system, a 6.5 KVA
generator, arrow boards front and rear, portable hot
sealant unit, and a 35 hp flat saw for cutting the slot
from the loop to the pull box. The loop wire used in
this installation is encased in continuous PVC {fub-
ing and prewound for the specified number of turns,
stacked, and taped at the factory.

Atypicalinstallation isillustratedin Figure 137 and
is described as follows. The truck arrives at the site
and the two-man crew sets out cones to divert traffic.
The liftgate is used to off load the hot rubberized
sealant machine and the flat saw, The sealant
materialis placedin the machine to melt to pumping
consistency. A center mark for the drilling bit is
marked on the roadway. The truck is positioned to
center the bit over the mark and the platform,
housing the bit, is lowered. The drive button on the
control panel is depressed to activate the bit. The
depth gauge on the bit allows the operator to monitor
the aceuracy ofthe depth ofthe cut. When the proper
depthisreached, the drive buttonisreleased and the
bit comes to a stop. The platform is raised and the
truck can be repositioned for the next cut. The
average cutting time is 5 minutes.

Theflat sawisused to cut the slot from the loop to the
pull box. A 3-in (7.6-cm) core is drilled at the point
where the lead-in glot joins the circle. After all cuts
have been made, the slots are washed down to
remove debris and vacuumed dry.

The prewound loop and its lead-in wires are then
installed. Allloopsare woundina clockwise pattern
and are connected in series. The top wire is wound
around the 3-in (7.6-cm) core to reduce bending
stress. The installation is now ready to be sealed.
The sealant is pumped into the slot after reaching
its melting point. The installation is completed and
the lane may be opened to traffic immediately as the
sealant hardens as soon as it is exposed to air.

The manufacturer of this unit reports that since the
truck and cutting tool are a totally self contained
unit, the loop cutting operation can be confined to a
single lane at a time. The body of the truck faces on-
coming traffic which provides an added measure of
protection for the operator and others workingin the
area. Thus the loop cutting can be accomplished
safely, in minimal time, and with minimum disrup-
tion to traffic flow in the area.
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Figure 137. Installation of round loops.

INSTALLATION OF
MAGNETOMETER DETECTORS

Typical magnetometerinstallations for variouslane
configurations are illustrated in Figure 138. The

probes are placed beneath the roadway surface in -

cored holes. The optimum depth and placement of
the probes depends on the type of detection required
{see Chapter 4).

After the pre-installation activities (described ear-
lier in this chapter) have been completed, installa-
tion usually follows the step-by-step procedures
discussed below.

INSTALLATION OF SENSING PROBE

After securing the work zone with appropriate bar-
ricades, cones, ete. todivert trafficfromthe area, the
first step is to lay out and mark the detection area
with spray paint or chalk markers to match the
constructionplans. A magneticfieid analyzer should
be placed over each marked probe location to verify
that the area is free of adverse elements that would
degrade performance (see Chapter 4).

Holes for the probes are then drilled through the
roadway to the proper depth as defined in the con-
struction plans. The general rule for the diameter of
the hole is to use the diameter of the sensing probe
plus 1/8 in (3.2 mm).

Slots for the connecting cable are then sawed in the
pavement to the adjacent pull box and blown clean
and dry with compressed air. The pull box is in-
stalled using the same procedures as previous de-
scribed for loop detectors.

The probe should be installed with the long dimen-
sion vertical and with the cable ends at the top. The
probe should be firmly supported in the hole soit will
not shift from its vertical position.

There are several approaches for placement of the
probe in the hole. Manufacturers indicate that the
probe is made so that it can be placed in the hole
without any protective housing and a number of
agencies follow this procedure.

Other agencies prefer to provide some type of bous-

ing {e.g. PVC conduit) for placing the probe while
others choose to secure the probe by tightly packing
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Figure 138. Typical magnetometer installation. .

sand or using sealant around it. A typical standard
planfor magnetometerinstallationis showninFigure
139.

The cables from the probe to the pull box are in-
stalledinthe sawed slot. A3/16-to1/4-in(4.8-t06.4-
mm) wood paddle is used to seat the cable in the
sawed slot. A 5-ft (1.5-m) slack of cable should be
allowed at the pull box. The cables should be ident-
ified by lane or by probe designation.

Using a volt ohmmeter, the series resistance (conti-
nuity) ofthe probe and cable should be checked. This
value should be the resistance of each probe (4 to 6
ohms per probe) plus the resistance of the cable. The

~value should be within 10 percent of the calculated

alue. Resistance to ground should also be checked.

The value should be high, indicating that there are
no breaks in the probe or wire insulation. A megger
should not be used to check resistance to ground as
the high induced voltage will destroy the probe.

SPLICING THE CABLES

Splicing of the sensing element cable to the lead-in
cables to the controller cabinet should be soldered
using resin core solder. The techniques for splicing
are the same as those used for loop detectors. The
lead-in cable should not be spliced between the pull
box and the controller cabinet.

The same precautions that were stressed for loop
detectors should be addressed when installing
magnetometers. The following is a recommended
procedure for splicing probe cables to the lead-in
(home-run} cable. This method uses two types of
heat shrinkable polyolefin tubing. Small diameter
tubesinsulate theindividual conductors and asingle
large tube is used to seal and protect the splice. A
butane hand torch or electric heat gun is required to
make the splice.

¢ Strip both cable jackets back 8 in (27

cm).
L oop Sealant +
R — = V2o
ROADWAY Sand
——— Concrete
15"
X~ PVC Tube
Probe
“‘!«—‘ =¥ Sand

Figure 139. Standard plan.
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*  Clip3in(7.6 cm)from one colored wire
of one cable and clip 3in (7.6 cm) from
the other colored wire of the second
cable. '

s  Strinindividual conduetorsback 1-1/

rAud AR 1nd 2

in (38 mm).

* Install large and small diameter heat
shrink tubing over either of the cables
to be joined.

*  Matchingcolor for color, twist together
each of the individual conductors.

¢ Usinganelectricor butane solderiron,
solder the twisted joints (avoid exces-
sive heat which could melt or burn the
wire insulation).

s- Slide the small diameter tubes over
the soldered joints.

* Using an electric heat gun or butane
torch, gradually heat the small diame-
ter tubes until they have shrunk uni-
formly and the inner wall melts and
begins to ooze.

+ Slide the large diameter tube over the
entire cable splice.

* Heat the larger tube in the same

o
manner. Proper heat exposure in this

case is indicated by a color change.
Stop heating when the blue strip
changes to brown and, as before, avoid
burning the cable jacket.

TESTING THE SYSTEM

Each probe element circuit should be tested at the
controller cabinet before filling holes and slots. The
same measurements described earlier should be
made with a low range chmmeter. In this test, the
series resistance will be higher because of the added
resietance of the leadoin cable

L1 COIOLALILT VL LLIT ATAUTLIL CAMIG,

An operation check should also be made at the
controller cabinet. This may be accomplished by

connecting the probe cables to a detector unit and
applying power, The detector unit should then be
calibrated following the manufacturers guidelines.
Check each probe using a bar magnet oriented in a
direction which aids the vertical component of the
Earth’s magnetic field intensity. The channel indi-
cator should light up when the bar magnetis located
over any probe in the set being tested.

Record the measurements taken. One additional
measurement should be made using a yard stick
with 1/16-in (1.6-mm) increments and the bar mag-
net. Stand the yardstick vertically over the probe,
place the magnet at the top of the yard stick, and
slowly move the magnet down toward the probe
until the indicator light on the detector lights up. If,
atalater time, the system experiences afailure, this
same measurement can be repeated. If the magnet
must be closer to the probe to light the indicator, this
means that the probe has rotated.

SEALING THE HOLES AND CUTS

______ maalin Tanlan and tlha cmwr avada

nb I.u].l].b pU.l.Il b, bllﬁ pr QUe Iigled and I.;J.J.C DA vy CULd
containingthe cables are sealed inthe same manner
used for loop detectors. This completes the installa-
tion of the magnetometer detector system.

INSTALLATION OF MAGNETIC
DETECTORS

The pre-installation activities for magnetic detec-
tors are much the same as those deseribed for loop
detectors. When the magnetic detector probe is in-
stalled 12 to 30 in (30 to 76 cm) under the roadway,
thelong axis is generally horizontal and is at a right
angle to the direction of travel. The conduit, housing
the probe, can be installed by either drilling or
trenching under the pavement surface as described
below.

INSTALLATION PROCEDURE

The preferred method of installation is to tunnel a
hole under the pavement from the side of the road.
and push the conduit into the hole as shown in
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Figure 140. For installation in a four lane divided
roadway with a median, many agencies have found
it desirable to install from the median. The median
area is preferable as these areas have fewer sign
posts, guard rails, and utility activities.
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Pitch Down Crushed Stone
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for Drain

Figure 140. Magnetic probs instaliation.

After locating and marking the proper area for the
placement of the probe, a measurementis made from
the pull box to a point on the road where the conduit
ends. Using a backhoe, a pit 3 ft (.9 m) deep, 2 ft (.6
m) wide, and 10 ft (3 m) long is dug. A horizontal
boring machine is then placed in the pit, leveled,
squared, and secured. The hole is then bored under
the pavement, taking care that the drill does not
stray from the desired path.

When the drilling is complete, the machine is re-
moved and the pit is backfilled to a level just below
the bore hole. A 3- or 4-in (7.6- to 10.2-cm) schedule
40 PVC is capped and placed in the hole section by
section. Itis critical that each section of pipe befitted
squarely and glued. Before the final section of PVC
is fitted, the pull box is placed in the trench and set
so that the hole in the box lines up with the pipe. The
pipe should fit flush with the wall of the pull box.

TRENCHING

An alternative to the boring method of installing a
onduit to hold the magnetic detector, is trenching.

The first step in this procedure is to mark the
boundary of the trench. The pavement is then cut
and a trench is excavated including the area for the
pull box. A 3-to4-in(7.6-to 10.2-cm) plastic conduit
or fiber duct is laid in the trench and sloped to drain
into the pull box in case of water leakage or conden-
sation. The outer end of the conduit should be
capped before placing in the trench.

To prevent damage to the probe by the pressure of
traffic above it, the conduit should be covered with a
minimum of 6 in (15 em) of concrete. When the
conduitis tobe covered by dirt or stone, asis the case
of macadam roads, the probe should be at least 1t
(80 em) below the surface. A sand cushion should be
placed immediately below it and above it to prevent
stones from being driven into the conduit by impact
from the vehicles traveling on the road above.

CONNECTING THE SYSTEM

The probe sengor lead-in wire should be marked
when measuring the correct position by laying the
probe on the road in the desired position. This is
marked sothat when the wire reaches the edge ofthe
pull box, the detector will be in the correct position.
The sensor is inserted into the conduit and pushed
into position using a steel (3/8-in (8-mm) span wire).

After the probe has been placed in the conduit, the
next stepis toinstall the pull box in the same way as
that described for locp detectors. A drain should be
provided in the bottom of the box and the cover
should be sealed to prevent the entrance of surface
water,

The probe lead in wire should be spliced to the lead-
in cable running to the controller. Splices should be
soldered because the magnetic detector generates
an extremely small current. Procedures for splicing
and environmentally sealing splices have been pre-
sented previously in this chapter for bothloop detec-
tors and magnetometers.

There are two conductors required for each mag-
netic sensor. Since magnetic detectors generate
extremely small eurrents, any size copper wirein the
cable is satisfactory. Magnetic detector circuits
should not be run in the same cable sheath with
wires carrying signal currents. Leakage between
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wires carrying signal currents. Leakage between
the signal wires and detector wires will cause erratic
operation of the detectors. Electromagnetic or elec-
trostatic induction between signal wires and detec-
tor wires could cause false calls. However, any
number of detector wires can be housed in the same
cable sheath without causing interference.

TESTING THE SYSTEM

Two tests should be conducted with a volt-ohm
meter during installation to determine the series
resistance {continuity) and ground resistance. For
each probe in the series circuit, the series resistance
should register 3800 ohms, plus or minus 10 percent.
Ifthere are two probes, the reading should be around
7600 ohms. If the meter reads several times the
normal resistance, a check should be made of the

wiring and splicing, and each probe should be tested
individually.

Resistance to ground should measure several
megohms. Low resistance indicatesleakage through
the wire insulation or the probe. Such leakage will
not prevent relay response unless it is sufficient to
reduce the probe output.

Whenthe gainis set onthe amplifier, it should be set
at the lowest value possible to insure proper opera-
tion. The reason for this is to avoid spurious detec-
tion of vehicles in other lanes.

The test readings and gain settings should be re-
corded on the construction plans and on forms which
are stored in the controller cabinet, as well as those
filed in the maintenance office. This information
should always be referred to when maintenance is
required.
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6. DETECTOR MAINTENANCE

Most agencies responsible for traffic detector opera-
tions readily agree that proper and adequate main-

tenance is eritical to effective traffic signal control.

systems and surveillance and contrel systems,
Central to this is the careful installation and the use
of appropriate materials and products. However,
even with both superior design and installation, the
system will not operate as intended if the basic
fundamentals of maintenance management are not
applied. Unfortunately, there are many factorsthat
impede the best intentions.

Problems of inadequate budget and staffing defi-
ciencies have a profound effect on the level and
quality of maintenance activities, Budgetary prob-
lems that continue to plague traffic agencies have

" resulted in cost-conscicusness that frequently fo-

cuses only on initial cost, rather than on lifetime
cost. Consequently, less expensive products, mate-
rials, and/or processes are used in the original in-
stallation because of their lower initial cost. How-
ever, this is not always a cost-effective solution,

While budgetary/funding problems may not be eas-
ily resolved, they may be ameliorated by increased
attention to cost-effectiveness in all phases of de-
sign, installation, operation, and maintenance.
Staffing problems, in terms of numbers and skill
levels of maintenance personnel, may be reduced
somewhat by selecting only the equipment that can
be realistically maintained by available personnel.

This chapter is addressed to those responsible for
the management of the maintenance operations as
well as to maintenance supervisors and technicians.
Design engineers and those responsible forinstalla-
tion and operations should be fully cognizant of the
cause and effect relationship between their activi-
ties and the maintenance problem,

Please note that there are a number of excellent

/mreference sources addressing the maintenance proe-

33. Recommended sources for further details con-

cerning comprehensive maintenance programs in-
clude ITE’s Traffic Signal Instaliation and Mainte-
nance Manual (Ref. 38), TRB’s Maintenance Man-
agement of Traffic Signal Equipment and Systems
(Ref. 39), and FHWA’s Traffic Control Devices Hand-
book (Ref. 40).

NATURE OF THE PROBLEM

The nature of the problems associated with detec-
tors has changed considerably over the years. For
example, the detector electronics unit, which for-
merly accounted for a considerable portion of detec-
tor malfunctions, has progressed to the point where
many currently available digital models seldom
experience failure. As stressed continually through-
outthis manual, properinstallation using appropri-
ate materials and processes is the key to longer
detector life, lower failure rates, and less required
maintenance.

There is little question that detector malfunctions
and the associated signal failures increase motor-
ists’ time and delay, maintenance costs, accidents,
and liability. For example, a simple failure of a
detector loop can induce delay in the traffic flow. If
a call is locked in to the controller, it will cause the
green to extend to its maximum limit regardless of
traffic demand.

In cases where the detector fails without a call, the
common temporary “fix” is to place the phase on
Maximum Recallinthe controller. Thiscanincrease
intersection delay by 50 percent or more.

Although failures cannot be totally eliminated,
adherence to proper instailation and maintenance
procedures can assuredly reduce the incidence of
failure and the number of unnecessary maintenance
calls, Some of the common causes of failure are
discussed below.
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FAILURES IN LOOP DETECTOR
SYSTEMS

When a detector system experiences a failure, it
exerts a negative effect on the total traffic signal
control system. As discussed in Chapter 5, failures
can be categorized by the failure mechanism and by
the cause for failure.

FAILURE MECHANISMS

A failure mechanism may be defined as the effect of
a problem occurring in the detector system. Among
the common failure mechanisms, are the following:

Omitted Phase

The signal does not service one phase due tothe lack
of detector calls. This is usually caused by a loop
failure. Earlier detector units with solid state out-
puts would fail in the “open” position resulting in no
call to the controller, Newer units have circuitry
that provides a continuous call if the loop circuit is
incomplete. (See Phase Extending to Maximum
below.)

Stuck Signal

A stuck signalis characterized by asignal indication
{or phase) not changing as programmed. In most
instances, a stuck signal is not caused by the detec-
tor system, but by a controller failure. On occasion
it may be caused by a vehicle not being properly
detected, or when a detector unit, operating with the
delay feature, does not retain the call for a sufficient
amount of time to be transmitted to the controller,

Phase Extending to Maximum

This situation occurs when a specific phase of the
signal operation extends to the maximum time set
on the controller regardless of traffic demand. This
is typically caused by a continuous call from the
detector unit and can generate extra delays of up to
one-halfthe normaldaily delay. The continuous call
may be caused by afaulty detector unit or by an open
loop cireuit,

Intermittent Problems

Low sensitivity of the loop or the detector unit (or
combination of both) can result inintermittent prob-
lems. Unstable oscillators in the detector unit may
also cause intermittent problems during periods of
rapid temperature shifts. However, many of the
current detectorunits are capable of retuning. When
the problem persists for no apparentreason (termed
“ahost problems”), the detector unit is usually re-
placed. '

A broken loop wire that will ordinarily cause a
malfunction may reconnect. itself with shifts in
pavement and cause intermittent operations. The
only cure for this situation is to replace the loop
whenithasbeen determined by a process of elimina-
tion that the only remaining problem could be a
broken wire.

External devices, installed to provide additional
lightning protection, may have been damaged by a
power surge. This may resultinintermittent opera-
tion. Since this damage may not be visible, these .
devices should be checked if intermittent operation
oCCurs.

Crosstalk

Crosstalk is the result of inductive or capacitive
coupling between loops or lead-in wiring. Crosstalk
may produce false detections when there are no
vehicles in the detection zone. It may also resultin
lock-up following a vehicle detection. It is usually
associated with motion in either the generating or
receiving loop channels due to transient frequency
alignment caused by a vehicle signal.

Crosstalk occurs when the frequency of one loop
installation is influenced by the frequency of an-
other. This normally occurs when the frequency of
one loop system is decreasing and passes through or
near the frequency of the other loop. Electrical
engineers refer to this as a “frequency lock” between
two oscillators.

This condition occurs only when the frequencies of

the two oscillators are close and electronic coupling

exists betweenthetwo oscillators. Thereare numer-~
ous sources of electronic coupling. Some of the more
common sources include:
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¢ Poor quality connections in the loop
system.

» TField coupling due to close physical
proximity of two loops.

* Coupling between two closely spaced
lead-in wires.

. Couplingbetween lead-incables shar-
ing a common conduit.

¢ Grounding of the lead-in cable shield
at controller cabinet. field terminals.

¢ Coupling between closely spaced har-
ness wires from the field terminals to
the detector.

Splashover

The false detection of vehicles outside the zone of
detection is termed “splashover.” This problem
often occurs when long loops are operated at a level
of sensitivity required to detect small vehicles (i.e.

motoreycles). With this high level of sensitivity,
vehicles from adjacentlanes may be falsely detected.
This problem also occurs when the loop is placed too
close to the lane line. Splashover is a problem
between lanes controlled by different phases. It is
not a problem between lanes on the same phase
unless accurate vehicle counts are desired.

CAUSES OF LOOP SYSTEM FAILURE

As discussed in Chapt,er 5 and detailed in Appendix

.LVJ. bU.I'Veyb Ul Lfdilll. dgenueb J.Ilulbd.lne b(ld.b ‘l':uere dare
eight primary causes of loop failure:

* Pavement problems (cracking and
moving).

¢ Breakdown of wire insulation.

* Poor sealants or inadequate sealant
application.

e Inadequate splices or electrical con-
nections.

* Damage caused by construction ac-
tivities.

¢ Improper detector unit tuning.
¢ Detector unit failure.

* Lightning/electrical surges.

FACTORS AFFECTING NEEDED
MAINTENANCE

Many agencies report that most of their mainte-
nance pmmems 11'1‘\701‘\."1‘1‘1;; detectors can be traced
directly toinstallation errors. These errors canbea
direct result of sloppy installation, poor inspection,
and the use of low-grade components not suited to

the particular environment.

Many agencies do not use their own forces to instali
detectors. In these cases, the contract to install
detectors is usually awarded to the lowest bidder.
The “lowest. bidder” concept has been very successful
in encouraging competitive bidding and generally
lowering costs. Tobe effective, however, aprocuring
agency needs to apply stringent prequalification
gmdehnes to avoid awardmg the contract to an
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or knowledge.

If inspection is inadequate, the potential for con-
tractor expediency and error is enormous. The con-
sequences of theseimproper short cuts or errors may
not surface until the contractor’s responsibility has
elapsed and must therefore be repaired at the ex-
pense of the agency. For example, piercing, cutting,

or otherwise damagine the insulation on the Tngn
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wire by the use of improper tools or careless han-
dling may not show up until some time after the wire
is sealed in the slot.

In Chicago, the Illinois DOT maintains over 18,000
loop detectors. Because of their past experience with
loop failure, they initiated an active inspection and
maintenance program to monitor each loop. This
program has reduced replacements to about 35 re-
cuts per year. They report that no more than 5
percent of their loops are inoperative at any given
time (Ref. 14).
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TROUBLE SHOOTING

P eV abtnint e s]

PROCEDURES FOR LOOP
DETECTORS

The analysis of a malfunctioning detector can be a
difficult task. The root cause of the failure may be
associated with environmental conditions or other
conditions built into the instaliation. All of the
various causes of failures defined above should be
considered by the technician analyzing a faulty loop
system. Initially, of course, it is necessary toisolate
the problem as one associated with the detector
system.

An experienced technician is frequently able to
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pinpeint the troubled area or faulty part by visual
examination. As shown in Figure 141, it is readily
apparent that pavement failure has occurred along
the saw slot exposing the loop wires. When visual
inspection does not immediately disclose the prob-
lem, systematic trouble shooting is required. Proce-
duresthat maybe applied inidentifying and correct-
ing malfunctioning detector systems are discussed
below.

Figure 141. Example of pavement failure.

SAWCUT MAINTENANCE

Avisualinspection of the roadway at and around the
sawcut should be made to determine if the integrity
of the pavement, the sealant, or the slot has been
violated. The inspection should include looking for
wireg that have floated to the top of the sealant. A

loop installation with exposed or shallow-buried
wires should be replac
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Ifthe sealant appears to be unstable, a bluntinstru-
ment may be used to remove any cracked or deterio-
rating sealant. The slot should be blown clean with
compressed air and new sealant poured over the old.
This is especially important in areas when snow
removalequipment is used and salt applications are
prevalent.

Pot. holes within the loop area should also be re-
paired. Some agencies use a cold mix compound. A
thin blanket overlay covering the area has proved
effective for patching deteriorating pavement. FHWA

Ranarte {RaF A1 and A9 neandan detailad inata
NEPOTLS LeL. 44 and 44, Provide Getaled insarud-

tions for repairing pot holes.

Astheloop wireis the most vulnerable componentin
the hostile environment of the street, a scheduled
visual inspection of the saw slots should be con-
ducted every 6 months. Early detection and correc-
tion of saw slot problems can avoid many potential
detector malfunctions.

REARRANGEMENT OF LOOP
CONNECTIONS

When the loop does not have sufficient sensitivity to
detect a vehicle, this usually means that the induc-
tanceistoolow. Thissituation could be causedbyan
insufficient number of turns of wire, by turns of wire
ghorted together, or by steel mesh in the roadway
that has produced a shorted-turn effect. If this
occurs in a multiple loop configuration, it may be
temporarily corrected by eliminating the defective
loop.

Multiple loops can be connected in series or series/
parallel tomaintain an equivalentinductance within
the range of the detector unit. Quantitative meas-
urements are made to determine if the inductance of
a malfunctioning system has dropped below the
acceptable value. There are several test meters
commercially available that will determine induc-
tance. Some of these meters directly measure induc-
tance, while others measure frequency. Inthelatfer
case, accompanying charts or graphs are used to
determine inductance.
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ELIMINATING CROSSTALK potential solution is the use of the

three terminal method (see Figure
As defined earlier, crosstalk can result when two 132). This procedure is to strip the
loop lead-in cables share a common conduit, operate individual lead-in cables back a maxi-
at close to the same frequencies, or the cable shields mum of 2to 3in (5to 8§ cm)and ground
are not properly connected. Crosstalk may also each lead-in cable independently.
occur when two loops are installed within a few feet (Note: Until1990, the Ontario Minis-
of each other, or when two sets of lead-in wires try of Transport (Appendix N, page 9-
occupy the same saw slot. Other causes include poor 36) specified that the shields should
quality splices and coupling between closely spaced be grounded at the pull box and not in
wires in the cabinet harness. Potential solutions to the cabinet.)

these problems are listed below.
* Coupling between closely spaced har-

*  Poor quality connections in the loop
system Solutions include use of high
qumn'.y solderedjoints, Sc‘uuermg of all
crimp connections, minimizing the

number of joints, use of high quality

ness wires from the field terminals to
the detector The solution is to either
use shielded twisted cable with proper

grounding of the shield or use twisted
wire pair.

connectors and replacement if worn,

safeguards against corrosion, tight One agency (California Department of Transporta-
terminal block screws, and twisting tion, Ref. 32) deseribed a procedure for identifying
an soldering of wire ends together and and correcting crosstalk. They used a modified loop

placing under oneterminal block screw
rather than two individual screws.

* Field coupling due to close physical
proximity of two loops: Not much can
be done to eliminate this source.
However, frequency separation and/
or use of a multichannel multiplexed
detector are effective solutions.

¢  Coupling between two closely spaced
lead-in wires: Solutionsinclude inde-
pendent routing in slots physically
separated by at least 1 ft (0.3 m),
twisting loop wire pairs a minimum of
Sturnsperfoot (16.5 turns per meter),

1188 of multichannel multinlavxad r]n..
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tectors, and frequency separation.

¢ Couplingbetweenlead-in cables shar-
ing a common conduit: Solutions in-
ciude the use of individual, shieided,
twisted-pair cables; proper grounding
of cable shields; use of multichannel
multiplexed detectors; and frequency
separation,

¢ Grounding the lead-in cable shield at
controller cabinet field terminals: A

tester for the following four-step procedure.

1.

Usingthe auxiliaryinput fo the tester,

measure the operating frequency of
theloopdetector suspected of crosstalk-
ing.

if the operating frequenc
more detectors are less than 2 kHz
apart, and they share one or more
conduit runs, they are likely to
crosstalk. This can usually be cor-
rected by grounding the cable shields
at the controller cabinet.

If the amplifiers have a range switch
or other means of selecting frequen-

LLiaUl ALNTGLID VL ShaTlulilg AATAgatal

cies, adjust so that operating frequen-
ciesare separated by atleast 2 or more
kHz,

If adjustments cannot be made, add-
ing parallel capacitors to the field
terminals may shifi the operating
frequencies. A quality capacitor such
as a polycarbonate or ceramic capaci-
tor may be used. It should have a
reasonable temperature stability co-
efficient and should be of a size ade-
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guate to shift the resonant frequency
by about 2 kHz. This procedure can-
not be used on detectors where the
operating frequency is independent of
loop inductance, Some manufactur-
ers recommend against added capaci-
tance external to the detector unit
because temperature stable capacitors
are difficult to procure and are still
prone to value change with rapid
temperature shifts.

If the loop sensors are causing the crosstalk prob-
lem, they can be reassigned to different channels, or
the lead-in wires in the pull box can be retwisted and
respliced, thus eliminating one form of potential
crosstalk.

A general procedure to identify which detector unit
is eross-talking consists of disconnecting all detec-
tors except the units which have the most frequent
false calls. If no new false calls or lock-ups occur,
then crosstalk from another unit is indicated. By
selectively reconnecting the other units, the unit
causing the crosstalk between detectorz can be iden-
tified.

Certain of the multichannel detectors have a scan-
ning feature that reduces potential erosstalk effects,
Inthese units, the sequential scanning system acti-
vates one loop channel at a time, while the remain-
ing loops, connected to other channels, are de-ener-
gized and thus unable to provide coupling to the
active channel. This does not, however, eliminate
crosstalk between channels on different detector
units. Frequency separation will reduce crosstalk
between adjacent loops as well as with other detec-
tors.

SUBSTITUTION OF DETECTOR UNITS

Experience shows that older detector units could not
be freely substituted for each other. After conduct-
ing tests in Los Angeles (Ref. 43) it was found that
“...there are some brands of detectors thatappear...to
have more sensitivity than others...Certain brands
and/or types will not operate with adverse condi-
tions such as very low circuit Q or a low value of
shunt resistance to the conduit ground.” It was

concluded that the inductance value at the cabinet
end ofthe loop system must fall withinthe operating
range of the units if they are to be interchanged.
With the newer products, units with the same char-
acteristics and quality can generally be interchanged
without problem. That is, different manufactured
units operate on different frequencies; however, any
unit which passes the NEMA tests can usually be
interchanged.

Each unit within an agency’s inventory should be
checked for sensitivity to ensure that minimum
sensitivity is achieved by all detector units. After
this check has been made, the substitution process
can be used to determine if the detector unit at the
malfunctioning installation is the cause of the fail-
ure. That is, if the detector unit is replaced and the
system functions normaliy, this may indicate a fail-
ure in the detector unit. Conversely, if the loop
system still does not operate better with the substi-
tuted unit, then the original detector unit is rein-
serted and another problem source must be sought
to resolve the problem.

In substituting detector units, it should be recog-
nized that many malfunctions are crosstalk related.
Hence, any change that will affect the loop frequency
will improve the situation, at least temporarily.
Substitution of another detector, even of the same
model and frequency setting, will often work well
due to the subtle differences in the values of the
detectorinput capacitors. Substitution of a different
model (especially of a different manufacturer) stands
a good chance of being successful due to differences
infront end design. Thebest sclutionisto eliminate,
to the maximum practical extent, those elements
that contribute to crosstalk.

OPERATIONAL CHECK OF
MALFUNCTIONINGDETECTOR

There are several operational checks that can be
conducted to expedite the analysis of a malfunction-
ing detector system. These checks can be accom-
plished using a maintenance vehicle and a vehicle
simulator. With this equipment, tests can be per-
formed to analyze adjacent lane detection, motionin
the loop wire, intermittent detection, and sensitivity
of the loop system.
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Adjacent Lane Detection

At locations where adjacent lane detection is sus-
pected (such as wherelongloops are used onleft turn
lanes), one technique is to maneuver the mainte-
nance vehicle close to the lane and monitor the
detector unit. The sensitivity is then adjusted so
that the maintenance vehicle does not cause an
output. Care must be exercised to assure that the
detector unit will still register a small vehicle in the
detortinan zona

It should be noted that this procedure does not test
the worst case. The worst case is when several
vehicles are stopped in the adjacent lane and occupy
the entire length of the long loop.

There are several loop configurations that can be
used to avoid adjacent lane detection (i.e., series of
small loops, quadrupole loops, adjustable diamond
loops, and others as described in Chapter 4). When
itis not possible to changeloop configurations, delay
timing can be used so that a vehicle would only be
detected if it were present in the detection zone for
a specified amount of time (say, 5 seconds). With
this approach, passing vehicles in an adjacent lane
would not be detected, although stopped vehicles
may present 2 signal strong enough to hold the call
in the empty lane.

Intermittent Operation

The beginning of loop failure is often associated with
intermittentoperation. Asdiscussed earlier, causes
of this type of operation are generally poor connec-
tions, open loops, short circuits, or leakagestoground.
These, in turn, may cause the detector to lock-up
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To identify this problem, the operation of the detec-
tor is observed while the maintenance vehicle is
driven over the various loops suspected of having
intermittent operation. Operation of the vehicle in
the detection area can also assist in identifying
problems associated with wire motion. Another
approach to identifying sources of intermittent
operation is to visually inspect all connections and
. test with a 500 volt megger and a low ohm midscale
ohmmeter.

System Sensitivity .

A device to simulate vehicles can be used to deter-
mine if the detector system’s sensitivity is in bal-
ance. The same procedure is used to test new
installations. The State of Califernia uses a shorted-
turn vehicle model to simulate a 100 cc Honda
motorcycle. Ref. 32 providesthe constructiondetails
and their procedures for using this model.

The simulated vehicle isused to measure the change
in inductance, which is a measure of the sensitivity.
For this purpose, a frequency reading is made with
no vehicle present, then the simulated vehicle is
introduced into the detection area and a new fre-
quency reading is made.

The difference between the two frequencies is a
measure of the change in inductance due to the
presence of the vehicle according to the relationship
of Af/f = 1/2 AL/L. This is an approximate relation-
ship valid for percentage changes in inductance up
to 10 percent and for loop Q greater than 5. The
percent change in frequency is multiplied by 2 to get

the percent change in inductance.

The simulated vehicle represents the smallest de-
tectable vehicle and is also used to determine the
minimum sensitivity required of aloop system. The
simulator is placed in the detection zone and the
detector unit is observed to determine if it is de-
tected.

ELECTRICAL TESTS OF DETECTOR
SYSTEM

Table 28 identifies some of the probable causes for
specific malfunctions. The maintenance of proper
resistance values and knowledge of inductance val-
ues for proper hookup to detector units will elimi-
nate many of the problems associated with loop
operation. Basieally, four devices are desirable to
analyze loop systems. A high voltage resistance
tester (megger), used to measure insulation resis-
tance; a frequency tester (see Figure 142) or induc-
tance meter, used to measure inductance; a digital
volt-ohm meter, used to measure series resistance;
and a low ohin (about 2 to 3 chms) midscale chmme-
ter, used to measure the dynamic change in the
series resistance.
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Figure 142. Typical frequency tester.

Bothlow resistance-to-ground and high series resis-
tance are majorfactorsinloop system malfunections.
Low resistance-to-ground can result from poor insu-

lation on the loop or lead-in wire, or inadequate
if, during installation, proper care was taken in
handing the materials and following appropriate
splice sealing methods. Low resistance-to-ground
can also occur when wires are exposed as aresult of
pavement cracking, sealant cracking, frost action,
and from studded tires wearing down pavement. In
addition, excess wire coiled in the pull box or control-
ler cabinet can add inductance to the circuit. This
may result in tuning problems. There is also an
increased potential for coupling to another loop
system.

High series resistance canbe caused by poor splices,
corroded or loose screw terminals, poor erimping, or
inadequate wire size. The high series resistance
problem is sensitive to humidity, temperature, and
vibration, which will cause drifting and false calls.
These are the same problems that occur when the
system has low resistance-to-ground.

TEST PROCEDURES

To isolate the causes of erratic operation or system
malfunctionin a detector system, the tests from Ref.
43 presented below should be performed sequen-
tially.

Table 28. Loop malfunctions and possible causes.

Malfunction
Possible Cause No Call | Constant | False Call| Drifting | Crosstalk| Will Not |Unbalanced
Call Tune Sensitivity

Low Q X X X
Low Resistance to X X X X

Ground
High Series Resistance X X X X
Improper Inductance X X X X
Poor Ground X
Improper Installation X X X X X
Detector Malfunction X X X X
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Equipment Required
These tests require the following equipment:
* Ohmmeter, battery operated.

¢ AC Voltmeter, high impedance input
to 100 kHz.

¢ Digital Frequency Counter, input

*  Q Test Meter.

*  Loop Tester Meter,

¢ Data Recording Forms for Q and Sen-
sitivity (see Figures 144 and 145).

¢ Vehicle Simulator, Sensitivity Stan-
dard.

In cases where pavement overlays have covered the
loopinstallation, a loop finder such as that shownin
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loop.

Sequential Test Procedure

The following tests, when performed sequentially,
should isclate the causes for a detector system be-
coming inoperative or experiencing erratic opera-
tion. The Quality (Q) data form is illustrated in
Figure 144. The Sensitivity (S) data form is por-
trayed in Figure 145.

Step 1. Visual Inspection

Check for indication of broken or cut loop or lead-in
wires. Check for open leads within the controlier
and for the availability of power to the detector.

Step 2. Check Detector Unit

To rule out the detector unit as the source of the
problem, replace the existing detector unit with one
having a known sensitivity. If the operation is not
considerably improved, remove the substituted unit,

replace the original unit and continue to Step 3.

Figure 143. Loop finder.

(One manufacturer notes that since many problems
are crosstalk-related, any change that will affect the
loop frequency will improve the situation, at least
temporarily. Substitution of a detector unit, even of
the same model and frequency switch settings, will
frequently work successfully due to subtle difference
in the values of detector input capacitors. Substitu-

tion of different models (especially from different
manufacturers) will have an even greater chance of
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success because of the difference 1nfront end design.
Therefore, substitution of detector units may solve
the problem temporarily but, in actuality, the real
problem has not been resolved. If the problem is
crosstalit-related, the most effective solution is to
identify and eliminate the causes of the crosstalk.)

Step 3. Measure Q Factor

Measure and record the following data on the Qual-
ity (Q) data form (Figure 144).
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QUALITY (Q)
Location: Date:
Description: By:
i Connec- | g f L f Q .
Position tion ps| T (uh) f h f Bw calc. Rp Remarks
Analysis:

E ps = voltage across loops; f, 1 = frequency of Loop Test Unit; f, f}, fi = frequency for resonance, high, low;

Bandwidth {Bw) = (f, - f|J; Q calculated = (f, / Bw); Rp =resistance to ground.

Figure 144. Quality (Q) data form.
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SENSITIVITY (S)
Location: Date:
Description: By:
Loop Sensitivity Frequency (kHz) Sensitivity Presence
Position Standard f { 22 S (%) Minutes Remarks
r 2 fof;

Analysis:

f, = resonant or tuning frequency; f, = loop frequency with test standard or vehicle;

S =[(f,2-1,3 /1,3 * 100 = the change in inductance in percent.

Figure 145. Sensitivity (S) data form.
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With the detector disconnected and
power removed from the loop, meas-
ure the resistance from either loop
terminal to the bus or conduit ground.
Record as R, in the Q data form. Check
for series continuity between the ter-
minals.

With the Loop Test Meter attached to
the controller tie points and the detec-
tor disconnected, measure the induc-
tance of the loop system. Record the
frequency (f;,) and the inductance (L)
on the form.

Step 4. Determine @

To determine the @ Factor ofthe loop system, follow
the procedure described below and record the re-

sults on the Quality (Q) form (Figure 144):

Step 5. Measure Sensitivity of Loop System

Record the frequencies obtained from either of the
following methods on the Sensitivity (S) data form

Attach the Q Test Unit to the existing
cable or adaptor cable as required.

Connect the AC voltmeter and digital |

frequency counter to the Q Test Unit
to read loop voltage and frequency in
kHz.

Adjust the frequency for maximum
voltage across the loops; record the
frequency as (f) and the voltage across
the loops as (E,)-

Adjustthe frequency higher and lower
to obtain the frequency points having
70 percent of the resonant voltage
value. Record these ashigher (f ) and
lower (f).

Calculate and record the bandwidth
(Bw) and compute Q. Thatis, Bw= £,
-f and Q=1 /Bw.

(Figure 145).

Method 1

Set the function switch to “Q MEAS”
on the @ Test Unit.

Adjust the frequency to obtain reso-
nance and record as (f).

Record the reference number of the
Sensitivity Standard to be used.

Place the simulator or vehicle on the
desired loop.

Retune the frequency of the detector
to the new resonant point and record
as (f,).

Calculate the sensitivity as indicated
on the data form.

Method 2

Set the function switch to “INTER-
NAL” and the mode switch to “S” on
the Q Test Unit.

Allow the detector to tune downward
in frequency to the “lock-on” point.

Note the frequency and record as (f)
on the form.

Place the Sensitivity Standard on the
desired loop.

Note the new lock-on point frequency.
Record as (f) on the form.

Calculate the sensitivity as indicated
on the data form.

Step 6. Analysis

‘Conduct the analysis by comparing the values ob-
tained for each of the system characteristics with the
acceptable limits listed in the Loop Trouble Shooting
Chart (see Table 29). Determine the required main-
tenance from the suggested corrective actions from

the form.
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Table 29. Loop trouble shooting chart.

Surface eroded

item Indicated Conditions Corrective Action
L . Broken, cut, or exposed Install new loops shifted by 6 in (15 ¢m) from the old
00p Wires insulation worn away loop and cut each old loop at least twice
Sealant missing Clean slot of loose material and refill or replace entire
Loop slots Wire exposed loop and lead-in as required above

Street surface patch if loop wire is not exposed

Resistance to 100 MQ or more

Acceptable if Q >5

ground Shorted Replace as required

Series Loop Open circuit Locate and correct open circuit

Resistance Greater than specified (based Isolate cause {poor splice, inadequate crimp, efc.)
on wire size and length) and repair as required
>5, Rp >I00 M Acceptable with modern detector units

Q Factor .
<5, any Rp Replace detector unit

Sensitivity of Loop Measures lower than design

Consider Q, shunt Rp, and series R as possible
causes and correct as indicated

Insutficient sensitivity

System value for the configuration Determine loop interconnection and rework to
accepted design values

Sensitivity of Remains actuated Subst!tute known serv!ceable detector

detector Does not actuate Substitute known serviceable detector

Substitute and return unit removed to shop

require modification to reflect additional experience.

The limits placed on the characteristics are nominals determined from the original investigation. They may

MAINTENANCE OF
MAGNETOMETER SYSTEMS

The magnetometer detector system ismade up of the
probe, probe cable, lead-in cable, and the detector
electronic unit. The same precautions should be
observed for the probe cable and lead-in (home run)
cable as for the loop lead-in wire and lead-in cable.

The probe cableis placed in a slot in the road surface
and should be sealed with the same care as for loop
detector lead-ins. The splices connecting the probe
cable and the lead-in cable must be mechanically
and electrically sound and environmentally pro-
tected as deseribed in Chapter 5.

Failure can occur in any of the subsystems. The
prinecipal causes of magnetometer failures are de-
seribed below.

CAUSES OF MAGNETOMETER FAILURES

There are four key areas that can affect the opera-
tion of the magnetometer detector system. These
are: proper burial depth of the probe, stability of the
probe in the pavement, characteristics of the probe
cable with regard to moisture penetration, and saw
slot maintenance.

Probe Burial Depth

The vertical placement of the probe is critical to
system performance. Deep placement of approxi-
mately 24 in (60 cm) will provide good single count
detection, but will result inlower signallevels. Shal-
low placement of about 6 in (15 em) will provide a
stronger signal, but there is a greater potential for
double counting, Therefore, the burial depth must
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be appropriate for the intended application as de-
scribed in Chapters 4 and 5.

Probe Movement

The probes must be firmly supported in their holes.
Any displacement of the vertical alignment of the
probes may result in performance ingtability. PVC
conduit as a shell, with sand tamped around the
probe to prevent lateral displacement, is recom-
mended.

Probe Cable

The cable must be water-blocked cable to prevent
moisture penetration. Any moisture can cause ex-
cessive capacitance or leakage between wires or to
ground. In addition, moisture across the leads of a
magnetometer may induce drift. Wherever pos-
sible, it is recommended that the probe cable run
directly to the detector unit, thus eliminating the
use of splices. Ifthisis not possible, the splices must
be electrically sound and environmentally protected.

Sawecut Maintenance

The sawcut for the magnetometer should be visually
inspected every 6 months to evaluate the condition
of the sealant and the surrounding roadway. As
with the loop detector sawcut, any cracking or dete-
riorating sealant should be chipped away, blown
clean, and replaced with new sealant.

TROUBLE SHOOTING PROCEDURES

The initial step for troubleshooting problems with
the magnetometer system is to visually inspect all
elements of the system, including the connections at
the terminal strip in the controller cabinet, any
splices in pull boxes, and the street installation of
the probe and probe cable. These elements should be
examined to detect any loose connections, poor seal-
ant, exposed wires, bad splices, or evidence of recent
construction.

If none of these elements show any evidence of
problems, the next step is to examine the probe for

tilting. Without retuning the detector unit, use the
bar magnet oriented in a direction which aids the
vertical component of the earth’s magnetic field
intensity (as described in Chapter 5) to measure the
distance from the road surface that will cause the
detectiontooccur. Compare this measurement with
the one taken at the time of installation.

Ifthe distance is smaller than the original measure-
ment, then the probe may have tilted due to pave-
ment movement. Ifthe probe hastilted, the detector
unit may be retuned and this location monitored fre-
quently for evidence of further tilting. If the unit
cannot be retuned, the probe should be pulled and
reinstalled in the proper vertical alignment.

One way to compensate for the tilting problem is to
use a Digital Nulling Loop such as that developed for
the City of Baltimore (Ref. 44). This device has an
automatic compensating cireuitry which is incorpo-
rated into the detector unit. It works like a loop
detector in tracking environmental changes. One of
these devices is required for each channel in the
detector unit.

if detection does not occur during the test for tilting,
the problem could be in the cable, wire, probe, splice,
or detector unit. Seriesresistance and resistance-to-
ground measurements should then be made at the
controller cabinet with a volt-ohmmeter. The series
resistance should be within 10 percent of the meas-
urements made at installation, and the other read-
ings should be high, indicating no breaks in the
insulation or in the integrity of the environmental
splice.

Ifthe measurements do not fall within these ranges,
the next step is to determine whether the problem
lies: in the probe, the probe cable, the splice, or the
lead-in cable.

The splice should be taken apart and the following
tests conducted. A series resistance and resistance-
to-ground measurement toward the probe should be
made and compared with measurements taken
duringinstallation. Large variationsindicate faulty
probe or probe cable. The best solution is to replace
the probe and probe cable.

On the other hand, if the measured values compare
favorably with the original values, thetop pair ofthe
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lead-in cable wires should be tied together and the
volt ohmmeter read. This should be repeated with
the bottom two wires. If these values are high, this
means that the lead-in cable should be replaced. If
not, the problem undoubtedly originatesin the splice

and a careful reconnection of the splice should elimi-
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nate the problem.

If this systematic method is used, the problem will
usually be identified. The original reference sheet
should always be referred to during this process to
compare measurements. When the problem has
been rectified, new values should be noted and
retained for future reference.

MAGNETIC DETECTOR
MAINTENANCE
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Magnetic detectors have an extremely good mainte-
nance record. As they are installed under the road
surface, and alllead-in wires are in the form of cable
encased in conduit underground, the opportunity for
failure is relatively small. User surveys indicate
that these detectors do not present any major main-
tenance problems, and that some of these devices
have been installed for more than 20 years without
a failure.

In the rare case where a magnetic detector fails, the
first step is to examine the amplifier. In cases of a
false response (the amplifier output relay closes
when no cars are crossing the detection area), re-
place the existing unit with another tested unit,
tune, and monitor. If the system then works, it can
be assumed that the original amplifier was at fault.
If the system still does not work, a series resistance
test and then a resistance-to-ground test should be
performed. This should identify any leakage in the
system.

The total detector circuit resistance to ground should
be measured after disconnecting all of the jumpers
to ground and the leads to the relay. In cases where
leakage is between detector cables and signal cables,

a1l megobhm leakage may resultin erratic operation.

This can be avoided by proper cable layout and good
splicing. Qccasionally, one probe circuit will pick up
more disturbance than another probe circuit on the

same phase. If this is the case, interchange probes
at the terminal strip so that the probe circuit picking
upthe most disturbance is at the “Magnetic Detector
Minus” side of the system.

If the voltmeter needle is jumpy when there are no
vehicles passing the probes, it generally indicates
surges in nearby power wires. If the probe can be
located closer to the traffic, the sensitivity of the
amphﬁer can be turned down and the power lines
will have less effect. By changing the orientation of
the detector axis, the effect of a particular powerline
can be eliminated or reduced significantly. For
minimum disturbance, the detector axis should be
parallel to the power lines.

Ty alo s e

The relay unit is designed to be immune to all line
voltage changes except for very violent ones. Ifitis
suspected that the line voltage changes are causing
the voltmeter needle to jump, disconnect the “Mag-
netic Detector Plus” and the “Magnetic Detector
Minus”leads and short them together. Ifthe voltme-
ter needle is still jumpy, the trouble is due to line
voltage changes In this case, examine the joints in
the power service to make sure they are properly
soldered and insulated. If there are no obvious
problems, request the power company to check the
regulation of the power supply and make the neces-

sary changes in their equipment.

If the voltmeter needle tends to jump only when the
signals change (with the magnetic detector termi-
nals short circuited), the trouble is insufficient cur-
rent-carrying capacity in the service wires between
the cabinet and power source.

Ifthe voltmeter needle stays steady whenthe ampli-
fier operates (with the detector leads shorted) and
tends to jump when the Slgna.l ugnl:s change (with
the detectors reconnected), the difficulty is caused
by electromagnetic or electrostatic induction be-
tween the wires carrying signal currents and the
wires leading to the magnetic detectors. Make sure
thatthe condensers arein place across the terminals
to which the magnetic detectors are connected, as
these condensers tend to absorb such surges.

e might also be caused by the
neutral fluctuating with respect to ground. ThlS can
be stabilized by making a connection to a driven

round ground rod (that is required in most modern

Intermittent response might also be

157




Traffic Detector Handbook

e ————————E—

installations). If the connections are stable, check
for leakage in the detector circuit by making the
same tests that were described above with a volt-
ohm meter.

Other problems could involve induced voltage re-
sponse, which can occur when the detector leads are

included in the conduit with the power supply leads.
Induced voltage can cause false responses. Conse-
quently, the lead-in cable should not be included in
conduit with other signal wiring. Another cause of
false response occurs when the gain is set too high.
An adjustment of the gain on the amplifier will
generally solve this problem.
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7. EMERGING TECHNOLOGY

Urban traffic congestion is one of the major prob-
lems requiring immediate action in the 1990’s. On
the U.S. freeways alone, congestion increased by 54
{0 68 percent between 1983-85. Traffic volumes are
expected to continue to increase by as much as 45
percent by the year 2005. A reductioninthelevel of
congestion would yield truly impressive savings in
terms of fuel, travel time, and accidents.

To tackle the problem, the U. S., European coun-
tries, Australia, and Japan are all investing in high
technology solutions for hardware and software

development involving a coalition of government,
One of the most

AT W1 LAl aaalUd

L. A
university, and private industry.

promising concepts for alleviating urban traffic
congestion is effective traffic surveillance and con-
trol.

This chapter reviews emerging technology as it
relates to the detector requirements of intersection
control and traffic surveillance and control systems.
The new technology includes new concepts, new
products, new applications, and new procedures.
Some of the products are already in use in selected
locations but have not, as yet, been applied fully,
while others are still in the research and develop-
ment phase.

DETECTOR DEVICES UNDER
DEVELOPMENT

In the United States, the quest for a reliable vehicle
detector that can be installed and maintained with-
out disrupting traffic, while providing traffic data at
least as accurate as the loop detector, is continuing.
The following section summarizes the major engo-
ing developments.

The Self-Powered Vehicle Detector (SPVD)hasbeen
under development by the Federal Highway Ad-
ministration since 1973. Basically, this system

consists of a eylindrical in-road sensor containing a
transducer, a RF transmitter with antennas, and a
battery. The in-road sensor operates on the same
principle asthe magnetometer sensor. Itis powered

i tmbnmrnallad
by aninternal battery and its connectiontotherelay

is a radio link. The roadside receiver includes a
commercially available FM receiver and a tone
decoderelectronics package. Nolead-in orintercon-
necting cables are needed. The conceptisillustrated
in Figure 146.

The SPVD can measure vehicle passage, presence,
count, and occupancy. Speed measurements are
possible using two SPVDs set a predetermined dis-
tance apart.

Development History

The SPVD’s transducer initially consisted of two
single-axis fluxgate magnetometers. These were
replaced with a single, dual-axis “Brown” magne-
tometer oriented to detect changesin the horizontal
and vertical components of the Earth’s magnetic
field. A vehicle passingor stopping over the detector
disturbs both of these components, changing the
operating level of the magnetometer’s core. This
change induces a voltage that enables the RF trans-
mitter, which sends two 30-ms tone-coded pulses,
indicating the entrance and exit of the vehicle. (See
Ref. 45.)

T . [P g 1407Q

The RF r,eiemetry link was rt:ucblgued ill 100 uy
FHWA and the Naval Surface Weapons Center
(NSWC). NSWC was contracted to develop 20 proto-
type systems. Three of these units were tested by
the City of Kettering, Ohio during the period 1978 to
1979 (Ref. 46). Two of the units were installed at a
line-of-sight distance 500 ft (150 m) from their re-
ceiver antennas. These two units failed to function
even when varying distances were used. Electronic
malfunctions were suspected.

The third unit was installed in a left-turn lane 118
ft (35.4 m) from the receiver antenna. This unit
operated flawlessly during the year long test period
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Figure 146. Self-powered vehicle detector concept.
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despite temperatures sometimes approaching ( °F.
This unit was located 10 ft (3 m) from the stop linein
the center of a 6- x 6-ft (1.8- x 1.8-m) loop operated for
comparative purposes.

Volumes from the SPVD prototype and the installed
Joop detector were extremely similar over the 1 year
test period, except that the SPVD yielded higher
volumes during congested periods because its zone
of influence provided separate counts for closely
following vehicles. The City concluded that the
concept was cost effective and worthy of further
development.

Although the lack oflead-in orinterconnecting cables
reduced the installation cost and traffic disruption
associated with loop detectors, the specified 1-year
battery life was considered a drawback. Accord-
ingly, batteries have since been developed with a 2-
year life.

Current Status

" Development has been on-going and, in 1987, the
FHWA contracted to develop nine production mod-
els utilizing small-scale integrated circuit designs,
and nine systems utilizing large-scale integrated
circuit designs. Figure 147 portrays the SPVD
system under development.

These production models are scheduled for accep-
tance testing during the period 1990-91. They willbe
designed to transmit at least 500 ft (150 m).

Figure 147. Self-powered vehicle detector.

WIDE AREA DETECTION SYSTEM (WADS)

In Freeway Surveillance and Control Systems, a
detector system is needed that can provide vehicle
detection, automatic surveillance, and the extrac-
tion of data (volume, speed, occupancy, etc.) neces-
sary for advanced control strategies in real-time. As
algorithms become more complex, the need for more
accurate data is critical.

With existing loop detector technology, the detector
processing algorithms must extrapolate the received
data to derive the required traffic flow statistics.
These extrapolations can result in critical errors
which contribute to unreliable incident detection.

Video cameras have been used for roadway surveil-
lance for many years. However, these cameras
required a human operator to interpret the images
generated. An alternative technique for interpret-
ing the video images is through image processing or
“machine vision.” This technique uses a computer
and software to analyze the roadway images and
extract the information needed for traffic surveil-
lance and control.

Evolution of WADS

The use of video technology and image processing
techniquesthat could be used as a substitute for loop
detectors was first investigated during the mid-
1970’s (Ref. 47). This work initially was promoted
and funded by the Federal Highway Administra-
tion.

The purpose of thisinitial project was to combinethe
television camera with video processing technology
to identify and track vehicles traveling within the
camera’s field of view. The initial system was of
limited success because of the difficulties with con-
tinuously tracking a vehicle through varying back-
ground and lighting conditions.

During the 1970’s and 1980’s parallel efforts were
undertaken in Japan, the United Kingdom, Ger-
many, Sweden, and France. The purpose of these
activities was to address the problems and limita-
tions of existing roadway detectors and fulfill the
requirements of modern control technology for
improved detection. A typical WADS set-upisshow
in Figure 148.
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Video/Image Processing Systems

As a follow-on to the initial FHWA WADS research
project, a subsequent system was developed by Dr.
Panos Michalopoulos at the University of Minnesota

(Ref. 48) nown as VIDS (Video

‘O ™
Ner. ad). 1 Syste..., kuu"

Th
Detection System) was designed to use a single video
camera with associated processing hardware and
software to provide outputs equivalent to those of
multiple loop detectors. This joint project wasfunded
by the FHWA, the Minnesota DOT, and the Univer-
sity of Minnesota.

The operation of this real-time video imaging detec-
tion systemis depicted in Figure 149. Video cameras
are installed at selected locations on the freeway
and/or signalized intersections to collect trafficdata
inreal time. Cameras installed on freeway systems

or on signal systems with central control capability
transmit their images to a central location for proc-
essing. Cameras serving isolated signalized inter-
sections transmit their images to local processing
hardwarein the control cabinet (or in a separate
cabinet) installed at the intersection.

The system can detect traffic at a number of loca-
tions (multiple spots) within the camera’s field of
vision. Theselocations are specified by the user with
interactive graphics and can be changed as often as
desired. To achieve this flexible detection point
placement, detection lines along or across the road-
way lanes (as depicted in the traffic scene appearing
on the TV monitor screen) are inserted on the screen
by means of a mouse or keyboard. Every time a
vehicle crosses a detection line, a detection signal is
generated.
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Figure 149. Wide area video imaging system.
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The processing system provides outputs comparable
to loop detectors; that is, presence and passage as
well as speed. From these measurements, other
traffic parameters can be extracted, including occu-
pancy, volumes, queue lengths, etc. The output of
the system can be connected to an existing control
system (either freeway or signal control) or to alocal
signal controller where the detected traffic will be
processed by the traffic control application software.
The advantage is that, in addition to wireless detec-
tion, a single camera can replace manyloops, thereby
providing true wide area detection.

VIDS Development Status

Areal-time version of VIDS has been developed and
successfully demonstrated for a variety of roadway,
environmental, and traffic conditions (Ref. 49). The
algorithms have been developed to generate pres-
ence and passage detection signhals and vehicle speed
estimates for multiple detection spotsin the camera
field-of-view. The first step in the algorithm ap-
proach is to reduce the image data (from the video
digitizer) so that only the data needed for detection
is processed by the microprocessor, thus reducing
the amount of data to be processed by two to three
orders of magnitude.

The data reduction or “image formatting” is done in
hardware to allow the algorithms to be done in real-
time. This datareduction hardwareisimplemented
on a single circuit card in the microprocessor called
the formatter. Once the data are reduced by the
formatter hardware, spatial and temporal features
are extracted for each detection location. These
spatial and temporal elements are ¢combined using
sequential decision processing to generate either
presence or passage signals. Speed is estimated by
using pairs of closely spaced detection lines and then
measuring the time between adjacent passage sig-
nals for these detection spots. Thisisvery similarin
concept to speed traps used with loop detectors.

The algorithms have been optimized to deal with
artifacts such as shadows, illumination changes,
and reflections. The resulting system has produced
vehicle detection accuracy in excess of 95 percent for
all of the conditions studied. The conditions that
degraded the performance in earlier video detection
systems appear to be resolved. These include con-
gestion, shadows, poorlighting, and adverse weather.

Although this is still a new and experimental ap-
proach totraffic surveillance, usingadvanced image
processing techniques, research and development
arecontinuing and demonstration projects are ongo-
ing,

MICROWAVE/RADARDETECTORS

The use of microwave radar during World War II led
to the use of this technique for detecting traffic.
Microwave energy is beamed toward an area of
roadway from an antenna mounted overhead orin a
sidefire position on a pole (Figure 150)., When a
vehicle passes through the beam, the energy is
reflected back to the sensing unit {antenna) at a
different frequency. The detector senses the change
infrequency, which denotes the passage of a vehicle.

Sign Bridge, Mast Arm
7| Microwave Sensor

Reflected Signal,
shifted by the
Doppler Frequency

. Vehicle

Figure 150. Microwave/radar detector concept.

The operating frequency of the signal is normally in
the K-band (24 gHz) or the X-band (10 gHz). The
antenna is angled slightly toward traffic, creating a
Doppler effect on the reflected signal. Therefore,
vehicles must be traveling at least 3 mph (5 kph) to
be detected.

Radar detectors have been commercially available
for a number of years. Their use, however, has been
limited to special applications because they were
relatively complex to maintain, were vulnerable to
vandalism, and, most importantly, could only be
used as passage (motion) detectors (Ref, 50).

Newly developed radar detectors promise to give
true presence detection and correct many of the
previous problems. One new type of radar detector,
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developed for the FHWA and the City of Baltimore,
uses a 24 gHz signal and is expected to be capable of
detecting presence as well as passage. Despite a
high initial cost ($1,000 to $4,000 per unit, depend-
ing on the features and frequency used), the manu-
facturer claims that the life cost will be nn‘mnnrah]e

toloop detectors. Field testing was planned for 1989-
90 (Ref. 51).

Another relatively new microwave detector, com-
mercially available, is shown in Figure 151. This
small unit can be mounted in either a sidefire or
overbead mount. It detects traffic moving in one
direction using a very low power microwave beam. A
single unit will cover more than onelane of traffic. It
was designed primarily for use when a conventional
loop detector is disabled or in construction zones. It
may also be used during bridge repair work which

necessitates lane closure, asitis easily removed and
re-used when the ioh is completed. It mav also he
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used in permanent installations for small intersec-
tions.

Figure 151. Commercially available microwave detector.

The unit is housed in an anodized aluminum casing
and is mounted on a pole near the intersection
approach (sidefire). The overhead mounted unit is
only recommended when one lane is to be detected.
It is mounted by means of a universal mounting

bracket 12 to 18 ft (3.7 to 5.5 m) above the surface of
theroadway aimed toward the flow of traffie. Afour
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conductor cable is run from the unit to the controller

77 N cabinet:twowiresarerunto10to 24 VAC power and

two wires are connected to detector inputs. Five
different operating frequenciesinthe range 0of10.525

gHz eliminate cross talk between units. Monitoring
circuits for relay and transceiver failure will cycle
the controller to recall (Ref. 52).

Another new radar device is under development in
Germany. This development is part of a new traffic
data acquisition system which uses a 61 gHz micro-
wave detector to gather real-time data on the spac-
ing and speed of vehicles. The profotype is being
tested at a research facility in Ulm, West Germany

L B

(Ref. 51).

ULTRASONIC DETECTORS

Ultrasonic vehicle detectors were initially devel-
oped in the mid-1950’s. Many agencies used them
but most experienced problems and abandoned their
use. These detectors operate on the same principle
asradar detectors. Thatis, both transmit a beam of
energy into an area and receive a reflected beam
from a vehicle. The sonic detector transmits pulses
of ultrasonic energy (20 to 50 kHz at 20 to 25 times
per second) through a transducer. A typical instal-

lation is shown in Figure 152,

The passage of a vehicle causes these beams to be
reflected back to the transducer at a different fre-
quency. The transducer then senses the change and
converts it to electrical energy. This energy is
relayed to a transceiver, which then sends an im-
pulse to the controller to denote the passage of a
vehicle. The transducer is mounted over the road-
way, while the transceiverismoun ntedin the control-

valial VLT WA llaUlaV Dl 20 1A oeie A A A LRALALIY

ler or in a separate cabinet.

Michigan, Illinois, New York, and California were
among the early users of this type of detector. Inthe
1960°’s the Michigan DOT tested several ultrasonie
detectors in Detroit and found problems with con-
trolling the conical detection zone. They also found
that salt on the road would alter the signal. The
Hlinois DOT (Chicago) experience with ultrasonic
detectors, alsointhel960’'s,indicated that they were
neither reliable nor cost effective, Caltrans found
them to be unreliable in conditions of extreme heat,

and the vacuum tubes used in the early detectors
wranild fail dva +n vihratinn 'T‘]‘\D Qi'ai'n AFNDW anlr
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continues touseultrasonic detectorsinremote areas
with bad pavement. They estimate that 10 percent
of their highway surveillance is provided by ultra-
sonic detectors.
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Figure 152. Ultrasonic vehicle detector.

Recently, there has been renewed interest in this
concept, which has resulted in several major new
activities. One major university program has devel-
oped modified prototypes of an ultrasenic vehicle
detector to resolve some of the problems reported
above (Ref. 53). After laboratory and field testing
indicated that it was well suited for use as an
overhead vehicle sensor, several prototypes were
placed in operation in 1986. After over a year of
continuous operation with pericdic accuracy checks
against data collected by loop detectors, the device
continued to show promise.

The Port Authority of New York and New Jersey
plans to use ultrasonic detectors for a new surveil-
lance and control program at the Holland Tunnel.
Originally, photoelectric cells were used to count
vehicles. They were replaced with loop detectors

anaviga tha A A e

because the dirt and grime in the tunnel caused the
photoelectric cells to be unreliable. The planned
system will use ultrascnic detectors placed in pairs
at regular intervals to monitor and track individual
vehicles moving through the tunnel. The pairs of
sensors will provide vehicle classification informa-
tion as well as speed, occupancy, vehicle length, and
counts. Thisis believed to be the mostintensive use
of ultragonic detectors for freeway surveillance and
control in the United States.

Ultrasonic detectors are, however, used extensively
in Japan in keeping with government policy which
does not permit cutting the pavement (Ref 54).
These detectors are a major component in the Tokyo
traffic control system. A central control computer
monitors traffic signals and vehicle motion through-
out Tokyo, resets timing patterns, activates motor-

ist information display signs, and relays real-time -

information to both motorists and police. This
appears to be most extensive use of ultrasonic detec-
tors anywhere. The detectors used in this applica-
tion are slated for testing by the Institute of Trans-
portation Studies at the University of California
(Berkeley) in their study to evaluate several forms of
detector sensors for freeway surveillance and con-
trol.

Another ultrasonic device to be tested in this study
provides a circular zone of detection (5 to 6 ft (1.5 to
1.8m)) located 10 to 201t (3to 6 m)from the detector.
The unit can be mounted in an everhead or sidefire
position and will provide continuous detection of any
licensed vehicle entering the zone of detection at any
speed up to 70 mph (112 kph). The transducer is
recessed into the housing of the device to provide an
environmental shield. It uses the principle of electro-
static detection rather than the traditional doppler

effect.

INFRARED DETECTORS

Infrared detectors are used extensively in England .

for both pedestrian crosswalks and signal control
They are also used on the San Francisco-Oakland
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Bay Bridge. Here, they are side-mounted at 600-ft
(18-m)intervals onthe upper deck of the bridge. The
detectors establish the presence of vehicles across
all five lanes, thus providing an occupancy measure-
ment.

The following disadvantages of infrared detectors
are often cited. Changes in light and weather will
cause scatter of the infrared beam. The lens system
is sensitive to water and environmental constraints.
Their reliability in high flow conditions has been
questioned. In addition, earlier infrared detectors
were not capable of providing vehicle counts (Ref.
513,

One infrared detector product line consists of both
active and passive models. In the active system (see
Figure 153), detection zones are illuminated with
low power infrared light. The infrared light re-
flected from vehicles traveling through the zone of
detection is focused by an optical system onto a
sensor matrix. A real-time signal processing tech-
nique analyzes the received signal and determines
. the presence of a vehicle. Environmental shifts are
tracked automatically. One version of this active
infrared detector is primarily used for stop-line
presence detection, while a second versionis used for
presence detectionin theintersectionapproach (e.g.,
a detection zone 68 to 100 ft (20 to 30 m) in advance
of the stop line).

L o N

Figure 153. Active infrared detector.

The manufacturer reports that their active infrared
detectors can provide vehicle presence detection for
traffic signals, vehicle counting, speed measure-
ment, length assessment, and queue detectioninfor-

mation. Their units are designed to accommodate
mounting heights of between 15 and 30 ft (4.5t0 9
m). An overhead mounting is shown in Figure 154,
Multiple units can be installed within the same
intersection without interference and with no inter-

. .
antinn hotweoan nnits
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The antical qvqum degion

optical
provides sharp edged zones of detectlon. Vehicles
outside of the defined zone have no effect (Ref. 55).
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Figure 154. Overhead mounted infrared detector.
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The passive system measures passage (imotion) only.
The unit (illustrated in Figure 155) contains a lens
configuration that provides detection of moving
vehicles within a 3° zone of detection which may be
up to 300 ft (91 m) from the unit. Wider detection
zones are available by selecting the optional me-
dium or short focal length lenses. To eliminate
adjacentlane detection when detecting vehicles over
100 ft (30 m) from the unit, the long length lens

nnhnn is recommended, 'F‘m' detection close to the

umt (e.g., for side-fire detection) a medium or short
focal length lens is used.

Figure 155. Passive infrared detactor.
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DIGITAL LOOP TEST INSTRUMENT

A 1989 test insfrument which uses digital signal
processing and sampled data techniques to measure
a broad range of loop system parameters has been
developed and is in the prototype phase of testing
and calibration prior to production (see Figure 156).
The application for this locp tester includes testing
of new loop installations, preventive maintenance,
diagnostics and repair of failed loops, and data
collection and statistics. The theory of operation,
design philosophy, and the operational features
attributed to this product are summarized below
from Ref, 56. '

Figure 156. Digital loop test instrument.

THEORY OF OPERATION

Until recently, the construction of an all-digital
device that would operate in the ranges necessary to
fully diagnose loop detector systems has been con-
strained by limitations in the technology. The new
technology applied in this evolving product is de-
scribed as follows. To take measurements in a non-
energized loop, an interactively programmable fre-
quency is generated by a high-speed digital signal
processor (DSP). Time critical math functions are
performed on the DSP chip and post-processing is
conducted on a general purpose microprocessor.

The microprocessor also controls the display. All
components are CMOS (Ceramic Metal Oxide Sili-

con), whichis a low-powered integrated circuit tech-
nology. This allows low-powered battery operation
over abroad range of temperatures. Aflexible power
converter/charging unit permits operation over an
extended voltage range from a variety of input
sources.

Even with this technology, it is critical to have the
proper algorithms and software to produce the cor-
rect results, This loop test instrument combines a
precision phase/gain meter with afrequency synthe-
sizer. By accurately measuring the phase and gain
of an oscillator driving a coil, the inductance, resis-
tance, and @ factor can be computed.

To accommodate a broad range of inductance values
and operating frequencies, the test instrument can
autorange the source impedance and input signal
gain (with auto gain control). Noise reduction is
accomplished through the use of dynamically recon-
figurable digital filters and averaging.

FREQUENCY MEASUREMENT

At frequencies above 20 kHz, the effective loop
inductance becomes more frequency dependent. For
this reason, it is important to measure the loop
inductance atitsoperatingfrequency. This requires
measuring theloop frequency when ¢connected tothe
detector electronics, then disconnecting the loop to
directly measure the inductance at the measured
frequency.

Many of the newer loop detector units use multi-
channe] techniques to operate four or more loops.
This conserves controller cabinet space and can
mininize crosstalk problems by using a time-divi-
sion scanning process, Because the scanning detec-
tor energizes each of the four channels sequentially
{upto 100 times per second), conventional frequency
counters cannot be used to accurately measure the
loop operating frequency.

Some loop detectors require 10 or more cycles to sta-
bilize after being switched on during a scanning
cycle. The detector electronics mask these cycles out
when switching from channel to channel. A conven-
tional frequency counter would give an erroneous
reading due to the short frequency burst of the
detector oscillator and the stabilization time re-
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quired. This instrument is designed to aceurately
measure the frequency and it is reported that the
measurement circuitry requires only a few cycles of
frequency to make a measurement. Initial cycles
can be gated out and the measurement can be
triggered from the signal burst. A summary of the
performance characteristics of this instrument is
given in Table 30.

Table 30. Summary of loop tester performance.

Measurement Range Units
Inductance 10 - 2,000 | microhenries, ph
Loop Quality 1-300 | dimensionless, Q
Level/Frequency '

Range 1-150 | kilohertz, kHz
Freq. Level — 40 - 150 | decibels, dB
Signal/Noise Ratio 40 decibels, dB
Frequency Generator
Range 1-150 | kilohertz, kHz
Resolution 1.0 Hertz, Hz
Level —40-0 | decibels, dB
| Resistance 1-10,000 | Ohms, Q
DESIGN PHILOSOPHY

Failures ofinductive loops can be caused by a variety
of problems. The loop wires may become shorted
from worn or stressed insulation. They may break or
short to ground. The lead-in wire may become
damaged through corrosion. Any number of failures
may eventually occur; consequently, reliable test
equipment is required for routine maintenance to
detect failing or failed loop circuits.

The typical electrical parameters needed to diag-
nose aloop system are resistance, frequency, imped-
ance, capacitance, Qfactor, andinductance. Someof

these factors can be measured directly, while others
require computation from separate tests. Of the
many different loop detector systems, all possess a
combination of resistance, inductance, and capaci-
tance., These characteristics, within certain para-
meters, determine whether the detector system will
or will not operate properly. There is a wide variety
of acceptable limits for these measurements de-
pending the geometry, length and type of lead-in
cable, location ofloop, external interference, system
tuning, ete.

Historically, loop diagnostics for problem loops, as
well as testing new installations, relied heavily on
rule-of-thumb and trial-and-error approaches. There
are, however, certain measurements that can be
taken to increase confidence in the quality of the
installation and to help diagnose faulty loops. For
example, a simple resistant-to-ground and “open
loop” determination can easily be preformed with a
specialized megameter and a simple volt ohmmeter
(VOM). The megameter uses a high voltage to check
for leakage to ground, while the VOM is used to
check for shorts and open circuits. These twoinstru-
ments have provided the majority of field diagnostic
information and have proved adequate for many
older loop installations.

Today’s loop installations operate with far greater
sengitivities than their older counterparts and have
a higher operational demand. Todays loops must
provide accurate information dealing with multi-
lane inputs and must be able to detect vehicles from
large trucks to bicycles. Problems such as crosstalk,
environmental drift, operational frequency, and
intermittent sensitivity variations have now be-
come significant factors. A typical VOM isno longer
adequate. For example, the loop is actually operat-
ing at relatively high frequencies (the wire resis-
tance to alternating current increases as the fre-
quency increases), and these high frequencies can-
not be measured with a VOM. A more sophisticated
instrument is required to accurately assess the
quality of the loop. Measurement at these opera-
tional frequencies becomes important.
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Appendix A

INDUCTIVE LOOP SYSTEM EQUIVALENT
CIRCUIT MODEL

Abstract

This paper describes the development and application of an
equivalent circuit model and computer program to cazlculate the
apparent self inductance and quality factor versus frequency of
square, rectangular, quadrupole, and circular loops of round wire
buried in a roadway. The effect of transmission lines and
matching transformers between the loop in the roadway and
roadside vehicle detector electronics is included in the model. The
capacitance between the loop conductors and surrounding
pavement material is shown to have a major effect on the
magnitude of the loop's apparent self inductance,

Inductive loop detectors are presently used in most actuated and
computer controlled traffic surveillance systems. The design of
the loop's size and shape, and number of turns of wire should
provide adequate vehicle detection sensitivity and prevent the
transmission line from reducing sensitivity. The magnitude of
inductance seen by the detector electronics must be in a range
specified by the detector manufacturer. The computer program
calculates the loop apparent inductance and quality factor versus
operating frequency (20-60 kHz) for a selected loop size, shape,
conductor size, number of turns, turn spacing, slot width,
pavement loss tangent, and slot sealant material dielectric constant.

Introduction

The inductive loop detector system is comprised of a buried loop
of round wire in the roadway pavement which is connected with a
transmission line to roadside vehicle detector electronics. When a
vehicle is sensed by the loop, a small decrease in loop inductance
is detected by the detector electronics. Since the series inductance
of the transmission line decreases the loop inductance change
available to the detector electronics, the loop inductance should be
larger than the transmission line series inductance. The loop
inductance can be increased by winding additional turns to the
loop and/or adding a transformer between the loop and
rransmission line. The frequency range of typical vehicle detector
electronics is 20 kHz to 60 kHz. The inductance seen by the
vehicle detector electronics can change significantly versus
frequency if too many turns are used on the roadway loop because
of loop capacitance. An equivalent circuit model of the inductive
loop system was developed and programmed on a computer. The
computer program atlows inductive loop system designers and
maintenance technicians to calculate the loop system inductance
and quality factor as a function frequency, wire gauge size, wire
spacing, etc.

The equivalent loop system moedel is comprised of a roadway
inductive loop model, a transformer model, and a transmission
line model. The calculation of the self inductance of square,
rectangular, and quadrupole loops is described in previous papers
[1,2]. King [3] describes the calculation of the self inductance of
circular loops. This paper includes the calculation of the internal
and external capacitance of such loops to determine high frequency
performance. A wide band transformer model is used. The
transmission line model uses a complex characteristic impedance.
All equations used in the loop computer program are in¢luded in
this paper,

Loop Capacitance Theory

Internal acitan

The capacitance between loop turns was calculated using a low
frequency, multi-layer, transformer model [4]. This model
assumes uniform flux coupling through the loop turns with
minimum leakage flux. Figure 1 illustrates the capacitance
between two adjacent isolated loop turns.

7
/.

/]

FIGURE 1. CAPACITANCE BETWEEN ADJACENT ISOLATED LOOP
TURNS.

-

The loop is comprised of parallel ransmission lines with a
capacitance [5] per unit length, C', given by

-9
(&fe yx 10
C = — m
36 cosh™ (D/2a)
where
' =  capacitance (Ffm})
D =  spacing between conductor centers {m)
a = conductor radius {m)
e/eg =  relative dielectric constant (1 for air)

The total capacitance between adjacent, isclated loop turns is given
by
Cl = CP (2)

where P is the loop perimeter (m). A similar method was used by
Palermo [6]. The actual loop turns are connected as shown in
Figure 2.

FIGURE 2. CAPACITANCE BETWEEN ADJACENT LOOP TURNS.

U.5. Govemment work nof protected by U.S. copyright.
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The paraliel transmission line is shorted at the end. The input
capacitance of the shorted transmission line is given by

i F XZ' -
CT=_[ pCdx=-§CP 3y

Figure 3 shows the circuit modet for a muld-turn loop where L1 is
the low frequency inductance of the loop and Cly, is the lumped
internal capacitance across the loop terminals.

FIGURE 3. LOOP INTERNAL CAPACITANCE.

The total internal capacitive energy is

1

=t _ 2 i
ET”ZCLVT 2 j=2CJVf (4)
where assuming a linear voltage drop
2
V== Vg (5)
and n is equal to the number of loop turns, then
5 2
= ¥ —1% (6)
G j=2 3 A\
The lumped internal capacitance across the loop terminals is given
by
i _ 4 (1)
CL=3 = CP 0!

This equation is identical to the equation [7] for the capacitance

between transformer winding layers with the exception of C'.

External Loop Capagitance

Capacitive coupling exists between the loop conductors and edge

of pavement slot containing the conductors. Figure 4 iltustrates
the capacitive coupling. Since loop wires are typically closer to
the top of the slot (i.e., sealant in bottom of slot supports
conductors), the capacitive coupling between the conductors and
bottom of the slot was neglected. :

i

O
— O]

01, £1
ViR s

o

FIGURE 4. CAPACITANCE BETWEEN LOOP CONDUCTORS AND
SLOT.

The external capacitance exists between a conductor and a material
with variable dielectric constant and conductivity rather than metal,
Galejs [8] determines the impedance of a buried insulated wire.
The capacitance is calculated assuming the region surrounding the
slot or cavity is finitely conducting where region one is a low loss
dielectric [9] or

Ijo)ell > g ()]

Stratton [10) also shows that a perfectly conducting outer
conductor for a coaxial line provides a good approximation 1o a
finitely conducting one when calculating shunt admittance. The
slot walls are approximated by infinite conducting ground planes
as illustrated in Figure 5.

b g b
O
O

N

FIGURE 5. CAPACITANCE BETWEEN LOOP CONDUCTORS AND
INFINITE CONDUCTING PLANES,

The characteristic impedance [11] of this conductor geometry is

138 4h
pBa(8)

Je

The capacitance per unit length of a TEM transmission line is

120ne_ f&
C = _._"._‘/_—' (10)
Z
[+
Then
c ne €, (a1
~ {4n )
In g
or
o 1 EX 10® . )
=3 _—-4h (Farads/meter} (12)
In q
The total external capacitance for the loop condugtor is
C=CP (13)

Inductive loops are typically balanced as shown in Figure 6.

FIGURE 6. BALANCED INDUCTIVE LOOP.

Because of the balanced configuration and zero potential point at
conductor perimeter center
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Cy(P :
PETEIEE

q

thus,

C'P
CiC, = = (15)

If one side of the loop is grounded

C'P

-5 o

Resistance Th

Loop Resistance

The series loop resistance, RL, is comprised of the direct current
wire resistance, R, the high frequency of skin effect resistance,
Rac, and the ground resistance, Rg. The most important
res1stance is the ground resistance which i is caused by currents
induced in the conductive pavement and suograue material. The
ground resistance may limit loop sensitivity in locations with a
large moisture content. - The ground resistance i$ calculated by
assurming the pavernent and subgrade material causes a magnetic
loss similar to that of a ferrite or iron core in an inductor, The
permeability, pg, of the pavement and subgrade material is
assumed to be one. Appendix I presents a derivation of the
ground resistance,

The series loop resistance is:

RL = R+Rac+Rg an
Rg = tandgol], (18)
where

RL = series loop resistance (£2)

R = direct current loop resistance (Q)

Rac = skin effect resistance (Q2)

Rg = ground resistance (£2)

T = loop wire radius {m)

tandg = loss wangent of pavement material

LL = loop self inductance (Hy)

)] = operating frequency (radians)

led] Llddllaris)

Internal Inductance and Resi Per Uni lindrical Conductor

Length

Johnson [12] shows that the ratio of actual internal inductance to
low-frequency internal inductance and internal resistance to low-
frequency internal resistance is given by:

L _4 l:beiqbéiq + bcrqbérq] 19)
Lo 9 g + (bérg)?
and
_B_ _4q [ rqbelq beigber” q] 20)
Bo 2| (oeig) + therg)”
where
q= "(gﬁ ) @
where
d= ——b (v.23)

Li = internal inductance (Hy/m)

6 = skindepth (m)
po = permeability of fre space = 47 x 107 Hy/m
ur = relative permeability of copper wire = 1
f = frequency (Hz)
6 = conductiviiy of copper wire = 0.58 x 108
(mhos/m)
p = radius of wire (m}
pr = resistivity (ohm-meter)
K K
o = g (Hy/m) 23
p
Ry = — (24
np
pr = 1.74x 10-8 ohm-meers fo re

T COppér w wire
c

Appendix II presents the formulas [13] for the complex Bessel
Functions and their derivatives.

In Th
Self Inductance of Single Turn Circular Loop

The self inductance {14] of a single turn circular loop is given by

2

[« ]
= L, (2ra) Hl - K09~ B0 J 25)

where
4r(r-a
K= 2 26)
(2r- a)
Ly = selfinductance (H)
E(k) = complete elliptic integral of first kind
WK = provnlara ollints intacrn] Af canmnd LemAd
EL A B \.'\.nuylul-v elilpiidi LIII.UEAN WL OLALULIAL AU
r = radius of loop conductor center (m)
a = loop conductor radius (m)

The formula for E(k) [15] and K(k) [16] is given in Appendix III.

Seif Inductance of Multi-Turn Circul

The inductance formula for a circular ¢oil with N equal spaced,
identical turns following King [17] is given by:

LT = NLo + 2(N-DM12+ 2(N-2)M13 + ..... 2n

or

NL +2 E n-1)M

i=1

(28)

H

L

L+1)

2
M=pp [ (3;- k) KK - %E(k)] @9
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2 dab

o 0 30)
&+ @+b)

mutual inductance (H)
radius of tm one (m)
radius of turn two (m)
spacing between turns (m)

[ A

aoe iz

X I In jingl

The extemnal inductance of a single turn, rectangular loop is given
by the sum of the inductance of two pairs of conductors. Then:

Lo = I‘pl + Lp2

(31)

The external inductance of a single tumn, rectangular loop is:

1 27
1
2 2
+1,In F+ 1+(p)
2
L L
-lzln —+ 1+ 11
1
2., .2 2 2
-dhre - JLte
. 2 1, +1}
v2 JE+D R URIA I 32)
where
1t = width of loop (m)
12 = length of loop (m)

This equation can be written in more compact form by combining
logarithms.

If In f Sing! mR 1

The self inductance of a single tura rectangular loop is given by
the sum of internal and external inductance and is:

L =L +L (33)

where

L = 2 (L L)L (34)

and L1 is given by equation (19) and L&g is given by equation
(32).

n i-Turn 1
The general inductance formula for a coil with N equal spaced,
identical wrns is:

LT = NLo + 2(N - H)M12 + 2(N - 2)Mi3 + ...... (35

M In nce of T xial, Paraliel, Rectangnl.

The total mutual inductance of th rectangular loops in Figure 7 is
given by the sum of the mutual induciances between the parallel
sides and using formula (37) is

+ MM(B, / H2+B2)-M22 (B,H)] (36)

where M11 is the mutual inductance between side 1 of the bottom
loop turn and side 1 of the top loop turn under consideration as
shown. Note that all mutual inductances are symmetrical (i.e.,
M13, = M31, etc).

T
H e - : . 7‘_
4 el
e B —
FIGURE 7. LOOP TURN GEOMETRY.

M In f Parallel Filamen ircui

The mutual inductance [19] between the pair of filamentary circuits
located in free space and illustrated in Figure 8 is:

2n 637

FIGURE 8. PAIR OF PARALLEL CURRENT ELEMENTS.
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where
po = permeability of free space =
47 x 10-2 Hy/m
i = filamentary length {m)
d = filamentary spacing (m)
M(1,d) = mutual inductance (Hy)

A plus sign is used when the direction of current in the filaments is
the same and a minus sign is used when the direction of current in
the filaments is opposite.

1f In f Muld-Turn k

Figure 9 presents an illustration [20] of a two turn quadrupuie
loop.

-
-
FIGURE 9. TWO TURN QUADRUPOLE LOOP.
The external inductance of an N turn quadrupole loop is:
LT =2NLg + 2NM12 + 4(N-DDM13 + 4N-1)M14 +
4(N-2)M15 + 4(N-2)M16 + (38)

'”//J

43747

!

FIGURE 10. MULTI-TURN QUADRUPOLE LOOP.

(General Formula for Muty

nal Inductance of Parallel Filaments

In order to calculate the mutual inductance between the offset
loops in the quadrupole loop model, a general formula for the
mutal tnductance of parallel, offset filaments is required.

Followmg Jefimenko [21}, the mutual 1nductancc (Henry's)
between the two parallel current filaments (meters) illustrated in
Figure 11 is given by:

1
4T

(a+A)* (b+B)°

M, =+ - 3
- (e+C)” (d+D)

ik

+ (D+C) - (B+A)

(39}

where the positive sign is used for elements with currents in the
same direction,

This formula, assumes that the elements lengths

than the waveleneth divided by 2x and the conduc
Al Wit WaVeICHEUl GIVIULU Uy 4R alil v Loliuu

much less than the element length.

+ rading
tor ragius

e much les
i

W W

1t should be noted that Grover [22] shows that this type of general
formula can also be expressed by applying the laws of summation
of mutual inductance to equation (37).
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al
FIGURE 11, MUTUAL NDUL TANCE OF TWO PARALLEL
SEGMENTS.
Loop Circyit Model

Figure 12 presents a circuit model of an inductive loop.

R Rac Rg
3 3
[

FIGURE 12. INDUCTIVE LOOP CIRCUIT MCDEL.

Let
Ls = Lo+Li (40)
Rs = R+Rg 41
Cp = CL+CoL (42)

Following Johnson [23], the slot dielectric loss conductance is
G = tan 5cCp @9
where tan 8¢ is the loss tangent of the slot sealer material.

Appendix I'V shows the inductive Joop circuit model of Figure 12
reduces to the circuit model of Figure 13 where

G
R, = - (a4)
s Lo . L)
Gp + l P wLp
and
1
L E— - (J.)C]J
n = Y 45)
2
G +(COCp (DLP
The loop quality factor is given by
1
—_— wl
L o ok »
Q.= _m - B 5 (46)
Rin P
The self resonant frequency of the loop is given by
fo= o [LC (A7)
CT AN
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FIGURE 13, EQUIVALENT LOOP CIRCUIT MODEL.

Loop Transmission Line Theory
Transmission Line Model

A transmission line connects the roadway loop with roadside
detector electronics. The complex impedance (Z ) of the loop is
transformed to a complex impedance, Zip, by the transmission line
cable by the following equation [24].

Z, +Z tanhyl
7° =Z ____°—Y (48)
in Z +Z tanh vyl

where

Z = Ry +jol, (49)

_ R +joL
Z, =] Trc 0

v=4 ®R+joL) (G + joC) (51)

with

= transmission line per unit resistance
@m

= transmission line per unit conductance
(©/rm) ) .
transmission line per unit inductance
(H/m) ) .
transmission line per unit capacitance
(F/m) ,

loop equivalent resistance ()

loop equivalent inductance (H)
radian frequency

erw o - o ®
[

il ol
g

A useful equation [25] for computing Zin is given by

sinh 2x =+ j sin 2y

—_— 52
cosh 2x + cos 2y (52)

tanh (x & jy) =

F ncv Shift Detector Systern Sensitivi

The frequency shift, Afp, at the detector terminals is required as a
function of loop and cable parameters.

Let fy - fnv = - Afp (53
and fav = fp (594
Then

i‘ff;a - .15, (55)
Since Lp =LlL+ L¢ (56)
and ALp = ALL (57

Af, 1
D L
? = "‘i"SL 1+ < (58)
where
AL
S, =1 (39

This equation shows that the cable inductance, L, is important
relative to frequency shift detection sensitivity. If the cable
inductance is one tenth or less of the loop inductance, the
transmission line has a negligible effect on Inductance Loop
Detector (ILD) sensitivity provided the quality factor, QD, is five
or greater. The frequency shift detector system sensidvity results
also apply to period shift detector systems,

Loop Transformer Theory
Inductive Loop Transformer Maodel

A tansformer [26] with low leakage inductance (i.e., total series
leakage inductance less than gransmissien line inductance) can be
placed between the loop and transmission line to transform the
loop inductance to a value larger than the transmission line
inductance. The transformer will remove the reduction in
sensitivity cansed by the transmission line.

The transformer model [27] used is shown in Figure 14.

I{.
N Cps/n

R L,(1-k) Lp(l-k} n"R n:l

s
e ey A
T -\ o 2. - » ](\
Zin ::Cp Rc M:kl'p Cq T n ZL H 3" VS
E g A

FIGURE 14. LOOP TRANSFORMER MODEL,
where all parame